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	In the densest urban areas of the world, it is impossible to treat and manage excreta and greywater on site. Instead it must be transported out of the city and be safely disposed of.  The problem of delivering sustainable sanitation services in these conditions is one of scale, to deal with the excreta and greywater from millions of people. Particular care must be taken when extrapolating results from pilot projects of a few hundred households to whole cities, due to the institutional complexities that arise and the sheer volume of sewage.
 For 2,000 years, various societies have used a piped system with water as the transport medium in dense urban areas.  The problem then as now has been an inability to treat of the sewage before discharge into the environment. This is demonstrated by the fact that only 8% of the sewage in the developing world is currently treated. Although the poor generate less greywater than the rich, mainly due to lack of access to water, this is not a state of affairs that is desirable or likely to persist. Any solution will eventually have to deal with vastly increased volumes of greywater.
Given the institutional complexities surrounding dense urban slums it is unrealistic to expect that sustainable sanitation services can be provided. The objective is to minimise risks as far as possible so as to maximise the health benefits to the residents. This paper discusses the various technical options and makes recommendations for how to achieve this.
 


Introduction
This paper sets out to explore the challenges of achieving sustainable sanitation faced by a very specific group of people: those living in dense urban slums where on-site treatment and disposal of excreta, greywater and solid refuse is not possible due to the high density of dwellings. According to UN-Habitat, by 2030, unless there are major changes to current predictions, 56% of the world’s population will live in an urban environment with the majority of growth being in developing countries and through the expansion of existing slums. 
Sustainable sanitation requires that all the components are collected, transported and disposed of or reused, in a manner that minimises harm to the environment. In dense urban areas, this requires a high degree of co-operation amongst residents and between residents and government institutions, which also require the institutional ability to regulate. This has been a problem since the advent of urbanisation.

Although sanitation covers a broader remit, this paper will concentrate on how to deal with urine, faeces and greywater in the urban environment of the developing world. In slums on the periphery of the cities, peri-urban areas, etc. there is often sufficient space between the houses for the householders to manage their own sanitation. Greywater, which EcoSanRes (2008, 1) defines as all household wastewater except toilet water, and urine can be infiltrated into the soil and faeces can be dealt through digestion, dehydration or composting. These solutions can be replicated on a household by household basis. Gounden, Pfaff, Macleod and Buckley (2006) argue that this has been achieved in the water and sanitation programme in the peri-urban areas of eThekwini (Durban) Metropolitan Municipality, South Africa.
In dense urban slums, however, solutions must be implemented at slum level, not just for individual households, and this introduces the problem of scale. A sustainable solution must be able remove and treat the waste from 500,000 people (the size of slums such as Kibera and Dharavi), not only from the slum, but also from the surrounding formal areas, which are often faced with the same problems. Most solutions promoted as an alternative to waterborne sewage have neglected this issue, with the result that when solutions have been taken to scale, there have been adverse consequences. 
The main difference between slum areas and formal settlements is the volume of greywater and solid refuse generated: the general rule is that those who have a higher income and water within the house use more water and generate more solid refuse. Formalisation and improvement of slum areas would, therefore, eventually raise the requirements from the sanitation system to match those in adjacent formal settlements. Future requirements, therefore, need to be taken into consideration when implementing sanitation solutions. The densification of urban areas also creates the same challenges in that an on-site solution, which might have been possible when the area was first urbanised, is no longer viable when buildings and hard surfaces occupy too great a portion of the site. This paper examines the point when this crossover occurs for different technologies, and the implications of this. 
The paper looks at how to improve the current situation in the slums of the world. EcoSanRes (2008) have demonstrated in the Erdos Project in Dongsheng, China, that it is possible to implement an alternative means of sanitation to waterborne sewage. However, this has been implemented in a new, well-controlled urban environment with high income households (relative to slum dwellers) and sufficient space to dispose of the products on site. 

Defining the problem
In order to solve a problem it is necessary to define it. Lack of definition often causes confusion and leads to partial or inappropriate solutions, such as the disposal or reuse of excreta without dealing with greywater, or the application in dense urban areas of technologies which demand on-site disposal.
Application of technology is one of a number of integrated measures required to improve sanitary conditions. Although sanitation is often understood as dealing with urine and excreta, the definition of sanitation is much broader and concerns the conditions relating to public health. To improve sanitation, the entire environment needs to be looked at in a holistic manner so that improvements in one area are not undermined by the neglect of another, and to prevent the problem being transported elsewhere with the discharge of untreated sewage or indiscriminate tipping of solid waste. Kalbermatten, Middleton and Schertenlieb (1999: 5) have defined this holistic approach as “environmental sanitation”.
In South Africa the Strategic Framework for Water Services (2003, 46) defines sustainable sanitation as:

“The infrastructure necessary to provide a sanitation facility which is safe, reliable, private, protected from the weather and ventilated, keeps smells to the minimum, is easy to keep clean, minimises the risk of the spread of sanitation-related diseases by facilitating the appropriate control of disease carrying flies and pests, and enables safe and appropriate treatment and/or removal of human waste and wastewater in an environmentally sound manner.”

The Sustainable Sanitation Alliance has developed a similar definition for “ecological sanitation”. The argument has been put forward that sanitation is only sustainable (ecological sanitation) when the loop is closed and the products are reused in agriculture. Although this is achievable with on-site reuse in rural and peri-urban environments, it has yet to be demonstrated at scale in the urban environment. 
In this paper the South African Strategic Framework definition will be used as the benchmark against which technologies will be considered as sustainable or not in dense urban slums. 
Another problem is the definition of urban slums. Davis (2006, 31) cites Soweto (Johannesburg), Cape Flats (Cape Town) and Inanda (eThekwini) as three of the 30 mega-slums of the world. Although within these areas there are pockets of dense informal settlement, large parts of the Cape Flats and Soweto comprise fully serviced formal settlements where the residents have full title to their properties. Inanda in the peri-urban area of eThekwini is a mixture of formalised township and tribal area, where chiefs grant permission to occupy, which is then recognised as formal title by the government.
None of these areas meets the definition drawn up by The United Nations Expert Group Meeting in Nairobi in October 2002, which states that a slum combines to various extents, the following physical and legal characteristics (excluding the more difficult social dimensions):
· Inadequate access to safe water

· Inadequate access to sanitation and other infrastructure

· Poor structural quality of housing

· Overcrowding

· Insecure residential status (resulting in arbitrary demolition of property)
This paper uses the above definition with the additional characteristic that in dense urban slums, it is not possible to treat and dispose of excreta and greywater on site.

Urban areas: transportation and treatment of waste
Agrarian societies throughout history have successfully avoided solid waste pollution; however, many cities and towns have not. Although varying in degree and intensity, the urban refuse problem is exacerbated by limited space and dense populations. New ways of dealing with waste have progressed slowly. 
In ancient cities, waste was left on the floors of homes or simply thrown into the streets, causing their levels to rise and ground floors to become basements, with further stories being constructed above. Many of the tell mounds in the near east, where the cities were constructed of mud block, show this progressive increase in ground level as successive levels of waste were sealed under the road surface. 
In the period 800 BC to the third century AD, Rome developed a sanitation system that brought freshwater into the city via aqueducts and took excreta, wastewater, stormwater and refuse from the streets out via a sewer reticulation, and discharged it untreated into the River Tiber. Such a system was necessary as the majority of the inhabitants (1.25 million at the height of Imperial Rome’s influence) lived near the centre of the city in three-to-six storey apartment buildings so that they could easily walk to the main centres of attraction. A waterborne system was necessary as the numbers of people and the densities would have overwhelmed any cartage system. 
The reason for living near centres of attraction remains, and so the poor continue to crowd into slums close to the city centres rather than move to lower density areas on the periphery. Households in peri-urban areas can spend up to 30% of their incomes on transport, or as much as three to four hours a day walking to and from work and school. For this reason, many slum dwellers prefer the densely populated inner city slums, rather than living on the edge of the city, where conditions might be more tolerable but the cost of living is higher. 
In ancient times regulation was needed to ensure the effective functioning of the systems. In 500 BC, Athens enforced ordinances against the throwing of garbage into the streets and required the scavengers to dispose of waste (untreated) at least a mile from the city walls. In Rome, where household connections were only provided to the rich, there is significant evidence in the archaeological and written record that illegal connections were a major problem, putting a strain on the city’s water supply, just as in many developing countries today lack of regulation and enforcement is a major problem affecting the sustainability of schemes.
Demographia (2001) states that in the early 19th century the population of London doubled from 959,310 to 1,949,277. Until this date it was possible to remove “night soil” by cart for use as fertilizer on fields around London. As the population spiralled, the cartage system was unable to cope and cesspits overflowed into open sewers or streams and thence into the Thames. 
As London obtained most of its drinking water from the Thames, this made Londoners particularly vulnerable to waterborne diseases. The first cholera pandemic began in India in 1817 and spread outwards to Europe. London's first case occurred in February 1832, and at least 6,000 people died in the capital. An outbreak in 1848-49 killed 54,000 people in Britain (14,000 in London) and 31,000 died in 1853-54 (10,000 in London). It was not until 1854 that John Snow conclusively identified the link between contaminated sewage entering the drinking water and cholera. In 1865, a system was constructed to intercept sewage flows discharging into the Thames in London and pipe it to a point below the Isle of Dogs, where it was released on the outgoing tide into the Thames. In 1887 it was recognised that this method of disposal was not acceptable and solids were settled out of the effluent before discharge into the Thames, the sludge being carried out to Barrow Deep beyond the mouth of the Thames. Today, sludge is incinerated or pelletised for use in agriculture.

Whilst the developed world has made progress in treating sewage before discharge, it remains a problem in the developing world where, according to UN-Habitat (2003), only 8% of sewage is treated. It seems unthinkable that 154 years after the link between faeces and cholera was established, the environment is still polluted with untreated sewage, and the vicious cycle of infection continues. Nevertheless, Nevondo and Cloete (2008) state that cholera is currently in its seventh global pandemic.
The poor in the dense urban slums are the most vulnerable to infection due to:
· inadequate and restricted access to safe drinking water and sufficient quantities of water for personal hygiene;
· lack of removal and treatment of excreta;
· lack of removal of solid waste, particularly the organic fraction, which attracts vermin.

Pagano (2000) argues that slums are often located at the receiving end of the waste stream from higher income residents, as in Payatas, Manila, located on the municipal rubbish dump to enable the residents to be close to work opportunities of scavenging. To solve the sanitation problem, therefore, often requires a far more holistic intervention than simply providing technology.
The institutional context
Technology does not fail humans; humans fail technology if the introduced technology cannot be sustained in the socio-economic, personal or cultural environment. The users are often blamed for the failure but the reality is that failure occurs because the technology is inappropriate to the circumstances.
Every technology has a specific set of operation, maintenance and institutional requirements for it to operate on a sustainable basis. These need to be considered when designing any sanitation intervention. Kalbermatten et al. (1999, 6) argue that despite the need for institutional arrangements to be taken into consideration during planning, sanitation interventions are often viewed solely as an engineering problem, and even then, not seen in the context of linkages with other engineering services. This lack of regard for the institutional and socio-economic environment has been widely demonstrated by the construction of waterborne sewage without the necessary treatment. 
Personal or cultural perceptions also influence the acceptability and thus the sustainability of a technology. Wilke (2003) describes how it took her 18 months to fully accept a urine diversion toilet, even in a supportive environment where one person in the household understood exactly how the technology worked and could solve problems. The Economist (2008,  60) describes in India how people who empty toilets are socially excluded by the very people they serve, underlining the enormous disconnection people demonstrate between their own excreta, its impact on the environment and the fact that someone has to be exposed to their faeces in order to operate and maintain the system. Changing these perceptions takes time and the introduction of technology must match the rate of change to avoid rejection.
Changing perceptions is often hampered by the subsidies given to waterborne sewage and the lack of enforcement of environmental regulations. It is commonly found that the provision of water and sanitation services is underpriced, that tariffs are not recovered and that municipalities are not held accountable for the discharge of raw sewage into the environment. The effect of this is that households have no incentive to adopt a technology that is more cost effective, as they see no financial benefit.
Slums do not occur in a vacuum. Despite easily recognisable similarities in terms of physical and social conditions and attitudes that surround slums, there are also very great differences between slums that reflect local cultures and conditions, accidents of history or politics, and topography or the built environment. 

The size varies enormously. In some Asian cities, palaces are quite literally next to hovels, and there are no large identifiable slum areas of more than a few blocks whereas there are many slums around the world that are equivalent to cities in size. Dharavi in Mumbai, India, or Orangi in Karachi, Pakistan, house hundreds of thousands of households; Kibera in Nairobi, Kenya, has a population of 400,000 people. To a large extent, this is a function of the size of the city of which they are part. However, it is possible for a slum or informal settlement population to be larger than the city upon which it depends. For example, Ashaiman (in Ghana) has a larger population (150,000) than Tema (140,000), the municipality of which it is formally part.
Some slum areas, such as Dharavi, are working communities in their own right, with their own economy and social structure, whereas others, such as Kibera, are “black holes of misery and despair”.

The permanency of structures also varies enormously, usually depending on how secure the residents feel, which is why the favelas of Rio de Janeiro consist of solid well-built structures in comparison to the plastic shelters alongside canals and on traffic islands in the slums of the Far East. 
Apart from the physical characteristics of the slums, slum dwellers often have limited access to credit, the formal job market and social and economic networks due to stigmatisation and discrimination. This is accentuated when slums are located on the periphery of the cities and residents incur high transport costs to access jobs, markets, schools and the centres of administration of public services. 
In order to diminish the chances of immediate eviction, settlements frequently develop on land that is unsuitable for any other purpose, such as railway reserves, canal and river banks, steep (and unstable) slopes, flood-prone and swamp land, and refuse landfill sites. The choice of site greatly influences the types of services that can be provided. The size, location, condition and resilience of squatter settlements will be determined not just by the characteristics of their residents, but more importantly, by the political context of official tolerance or intolerance towards them.

Formal recognition of slums is important in the development of sanitation services, particularly where a communal service is required to remove waste that cannot be disposed of in the immediate surrounds. In Pune, India, 322 of the 503 slums have been declared official. UN-Habitat (2003) contrasts this with Kibera, Nairobi, which, despite being first settled in 1918, remains unrecognised.

Unrecognised slums remain the hardest to deal with as the authorities will not provide any form of communal service or enforce any order. In such areas, it is up to the household to deal with their sanitation on an individual basis or to group together to deal with it communally.

There is no single solution for the dense urban slums of this world. Each has its own specific characteristics, which must be taken into consideration when designing a solution.

Technologies for the urban poor
The problem is still how to transport waste out of the cities and treat, dispose or reuse it in the most efficient and effective manner. This section looks at the different technologies available, the institutional arrangements required and where the crossover occurs between a household-managed and a communally-managed solution. It examines the arguments made for and against the different technologies and finally tries to give some guidance on the approach to be taken to dense urban slums.
Sida (1998, 2) estimates that each year the average person produces 50 litres of faeces and 400-500 litres of urine. The amount of greywater generated varies enormously (from 4,500 to 73,000 litres) and is dependent on the availability of the water supply and its proximity to the final point of use. In South Africa it has been found that although water reticulation systems for basic human needs, as defined in the Strategic Framework for Water Services (2003, 46), are designed for 25 litres/person/day, actual consumption is in the order of 12.5 litres/person/day due to physical constraints of carrying water. In contrast, an up-market household would expect to generate 150-200 litres/person/day of greywater in addition to 30-50 litres of water to flush the toilet. 
The component that poses most risk to health is faeces. Benson (1998) states that urine is usually sterile and only poses a risk in special cases, although odour is a fairly major problem. With greywater there is no consensus with regard to safety. Studies from the Office of Water Reclamation, Los Angeles (1992) and Holden (2004), Johannesburg, state that greywater that has not been stored poses very little health risk and leads to minimal build up of salt and fats in the soil. Faecal contamination from animals is already present in soil, and greywater does not pose any additional risk. Barker, Allen and Jean (2000) suggest that it is unlikely that disease can be transferred from greywater to vegetables and back to humans. However, their guidelines recommend that, to be on the safe side, greywater should not be used to water vegetables. By contrast the guidelines issued in Arizona, USA, and in Victoria and Northern Territory States, Australia, present greywater as a heavily contaminated resource to be treated with the utmost caution. In South Africa Carden, Armitage, Winter, Sichone and Rivett (2007) also infer that greywater is heavily contaminated. However, their report looks at wastewater as it left settlements and not greywater as disposed of by the individual household. 
The Los Angeles study, by far the most detailed and with conclusions backed by rigorous testing, concludes that the risk from greywater as disposed of by the household is low.

The smallest fraction of sewage, faeces, poses the biggest risk. The biggest fraction greywater, poses very little risk at the moment of disposal by the household, but becomes problematic in dense urban areas due to the volumes generated. In a situation where it is not possible to deal with all the fractions in a sustainable manner, it makes sense to focus efforts on the containment and treatment of faeces, keeping grey water as free of faeces and other organic matter as possible to reduce risk.
The crossover to a communally-managed solution introduces the need for effective institutional support to:

· maintain transport systems and treatment works; 
· invoice and collect the money for the operation and maintenance of the system and ensure that the money collected is kept for the maintenance of the system and not used for other purposes;
· enforce regulations so that the system is not abused, and to minimise the likelihood of failure.

The more complex the system, such as sewer reticulation and treatment works, the higher the skills required to operate and maintain it, which is why there has been a worldwide tendency to go for large regional works. Simpler systems can be easier to maintain, but because of their dispersed nature are harder to regulate and can lead to indiscriminate dumping of sewage into the environment. 

Disposal of greywater 

The area required to dispose of greywater on site is very site dependent as it is affected by the following:
· clay content of soil

· evaporation 

· vegetation
· temperature

· humidity

· rainfall patterns (winter, summer or all year rainfall)

An example of how site-specific this is can be taken from a system in Johannesburg, South Africa. Johannesburg has cool dry winters and hot wet summers and evaporation in the order of 1,200 mm/m2/year. In a house with four people, 192 m3 of greywater have been disposed of annually on 240 m2 of a good loam soil for seven years without any ill effect. This amounts to 800 mm/m2/year, which is a similar amount to the rainfall. By contrast Cape Town has cold wet winters leading to the possibility of saturation of the soil. 
It must also be taken into consideration that the building footprint often increases over time, which eventually precludes the on-site disposal of greywater. In other areas of Johannesburg, such as Soweto and Norwood, houses have been extended to such an extent, or blocks of flats constructed, that on-site grey water disposal is no longer possible. 
In Weiler’s Farm, an informal settlement in the southern part of Johannesburg, where there are clearly identifiable stands, people are served with communal taps and dispose of greywater on site, many of them creating gardens around their dwellings.
By contrast in Slovo Park, Johannesburg, an informal settlement housing 4,000 inhabitants in 1,000 dwellings on 11,800 m2, greywater is disposed of either by infiltration into the ground through constructed soak pits or by taking the greywater to the adjacent stormwater drains, a maximum walking distance of 100 m. The practice of tipping greywater into stormwater drains has also been noted in informal settlements at Khayelitsha, Cape Town. Solid refuse in Slovo Park is taken to skips on the outside of the settlement, which are removed by the municipality. These practices, together with the piping away of water from communal taps to stormwater drains, ensure that the pathways within the settlement remain dry and free of refuse. The biggest problem is that because there are no toilets within the settlement, people use the greywater buckets at night and thus tip blackwater into the environment.

On-site disposal of greywater would seem, at best, to be an interim solution for stand-alone houses with sufficient garden space. Once it is no longer possible to dispose of this on site, then it must be taken away. Simply tipping it into road outside the house is a worse option as it reduces the roadway to a muddy morass and it rapidly becomes contaminated with refuse. Conditions in Orangi, Karachi before the implementation of the sanitation project indicate that the volume of greywater rather than excreta was the major problem. Even where the road is paved, a continual flow of water along the surface tends to encourage plant growth and the break-up of the road surface.
Open channels, although preventing the roads becoming muddy, are often used as dumping grounds for solid waste and become blocked, becoming a maintenance problem and health hazard.
The best option for greywater is to keep it separate and pipe it, either into the nearest watercourse, stormwater pipe or adjacent sewers. The first two options are within the communal capability of the community themselves, without any assistance from local government, as has been demonstrated by the residents of Slovo Park.
Where the volume of water supplied is restricted by the provision of communal standpipes and households carry water to the house, it is not necessary to provide individual household sewer connections to carry the greywater away. The residents of Slovo Park have demonstrated that, so long the access point to the system is no more than 100 m from their dwelling, they will carry greywater to this point for disposal. A restricted access prevents large objects entering and blockage further down the system. This principle is applied to municipal systems in South Africa with a 110 mm diameter pipe on the property leading into a 160 mm diameter municipal sewer.
If the water sources, greywater disposal points and washing facilities are located at the same point, it has been found that water uses that require large volumes of water, such as clothes washing, are done at these points, reducing the amount of water that has to be carried to and from the dwelling. Sulabh and similar organisations have applied this principle in the construction of public toilets and bath houses in India. It is interesting to note that during the construction of communal flush toilets in Slovo Park the community requested that the toilets be made a paying facility, with an outside urinal for men, so that they would be maintained, as in the Sulabh model. This was rejected by the municipality on the grounds that sanitation is a basic human right. However, it made no provision for maintenance and security and the toilets soon broke down and were vandalised, depriving the community of the very right that the municipality had insisted it was upholding.
The need to carry water provides an effective restraint on the amount of greywater generated, even when a yard tap is provided. In South Africa, studies in Scenery Park; Buffalo City (East London); Eastern Cape and Phomolong, Matjhabeng, Free State have shown that monthly usage is below 6 m3/household per month, the amount that the South African National Government has determined that local government should provide as Free Basic Water. 

This suggests that until there is a household piped water system, greywater can be removed by carrying it to piped disposal points not more than 100 m from the dwelling. However, when an unrestricted water supply is provided inside the dwelling, the piped disposal system must also be extended to all the houses. 

Ventilated improved pit (VIP) and other pit latrines 
Ventilated improved pit (VIP) or other pit latrines have been widely promoted as a sustainable means of sanitation. They work by containing the solids within the pit and leaching the urine and any wash water into the surrounding soil. In a ventilated pit, noxious gases generated are ventilated to the atmosphere above the toilet rather than remaining in the pit or the top structure. Pathogens die off in the pit or in the surrounding soil, which acts as part of the treatment mechanism. Although greywater can be tipped into the pit, large volumes will cause it to overflow. Thus for sustainability a separate means of greywater disposal is required. 
Households would traditionally move the latrine to another site when the pit was full. The liquid in the first pit eventually dissipates and the pit can be reopened and reused. To facilitate moving the latrine, top structures are lightweight or of a temporary nature. Well-built structures are not uncommon, but these are generally constructed over large deep pits where the household is confident that the toilet would have a significant lifespan and that neither the superstructure nor the soil will collapse, jeopardising their investment. Lifespans of over 40 years have been recorded, which is on par with the replacement of sewage treatment works. 
For a pit latrine to be sustainable at a household level, the following conditions must be met:
1. The soil structure and the topography must be such as to allow the liquids to be contained for a sufficient length of time to allow for pathogen die-off and to prevent saturation of the ground.
2. There must be sufficient space for a 2nd or 3rd pit to be dug so that there is sufficient time for the liquid to seep out and it and it is possible to reopen the pit without encountering sludge.
3. Solid waste disposal must be catered for to prevent the pit being used for refuse disposal. In rural areas, kitchen waste is often fed to animals, combustibles burnt and only glass and tins buried in an on-site pit.

Within a rural environment it is not too difficult to achieve this if the soil conditions and topography permit. Unfortunately, these simple rules have often not been followed in sanitation programmes, such as the South African National Sanitation Programme, and many unsustainable latrines have been built with very small sealed pits and brick top structures. These fill up rapidly and must be emptied on a regular basis to be sustainable.
Moving this technology into the slum environment of the inner cities creates a number of problems:
4. Many slums are built on unsuitable ground where it is not physically possible to introduce pit latrine technology. In the Cape Flats, South Africa and Dharavi, India the water level is so close to the surface that pits cannot be dug. The favelas of Rio de Janeiro are situated on very steep hillsides, (so steep that often the roof of one house becomes the foundation of the next house) and any liquid would instantly surface. This problem was encountered in eThekwini, where settlement occurred on the steep slopes between the formal townships. During the late 80s and early 90s the inhabitants were provided with VIP latrines and a standpipe supply of water. However, in many cases it was found that the pit contents were seeping to the surface.
5. There is no space for a second pit and therefore for the technology to be sustainable the pit must be emptied, either mechanically or manually. Emptying has proven problematic for several reasons:
· Pits are frequently used for the disposal of solid waste, which blocks pipes and pumps. Solid waste also leads to a more rapid filling of the pit and the presence of rubbish hinders the breakdown of the organic matter.
· Manual emptying, particularly where workers get into the pits, exposes workers to disease. 
· The sludge must be transported out of the area using vehicles; in very dense slums it is not possible to get large vehicles into the area and close to the pits. A number of smaller vehicles such as the Vacutug and the MAPET have been tried, both of which are dependent on having sewers running under the settlement into which the load can be dumped (this has its own problems) or there must be sufficient co-ordination that the load can be transferred to a larger vehicle. The larger vehicle must then make it to the treatment facility (if one actually exists). Experience with septic tank sludge removal is that, in order to earn extra money, tanker drivers drop the prescribed number of loads at the treatment facility and empty additional loads into the nearest watercourse.
· The sludge must be transported to separate sludge ponds and cannot be disposed of in the normal sewage system. Bhagwan, Still, Buckley and Foxton (2008) have analysed the relative concentration of total suspended solids and nitrogen (measured as TKN) in pit sludge and show that the impact of just one pit latrine’s sludge on a wastewater works is equivalent to the loading of  between 500 m3 and 1,000 m3 of typical sewage. This means that even a relatively large works cannot deal with more than a few loads of pit sludge in a day, and there is a significant cost in the processing of this sludge. The practice of using MAPETs and Vacutugs to dump sludge into sewers would not be sustainable on large-scale basis, as it would adversely affect the wastewater treatment works. The practice of dumping faecal sludge into the sea, as happens at Lavender Hill, Accra, Ghana, should not be considered as a sustainable solution, due to the risk presented by introducing pathogenic material into the environment in an uncontrolled manner.
The twin-pit pour flush toilet as developed by Sulabh International Social Service Organisation is a variation on the above theme with the disadvantage that water must be carried to the toilet and that additional water must be infiltrated into the ground. Where pour flush has been introduced in South Africa it has failed due to the increased burden it places on women and children who have to carry the additional water to the toilet. In dense urban areas it can lead to saturation of the ground more quickly than a system that only leaches urine into the ground.
The crossover point from household to communal management occurs when the household no longer has sufficient space for a second pit and it is necessary to remove the sludge for treatment. Depending on the geology, household management is viable even in a very small area and is thus an option for urban slums.
Flush toilets with treatment
A flush toilet essentially comprises a water seal with a pipe leading away to some form of treatment, be it an on-site septic tank a communal treatment plant or a disposal facility. Water is used as the means of transport to carry the faeces to the point where it is treated. The treated effluent is then discharged into the environment. With a septic tank this is through a French drain (a gravel filled ditch) and it can be seen that in essence there is very little difference between pit-type latrines, twin-pit pour flush toilets and septic tanks with French drains. All accept excreta into a digester and then infiltrate the effluent into the surrounding soil. In all cases, if greywater is added to the system it will lead to the soil becoming saturated more quickly.

To prevent sedimentation, minimum velocities must be maintained in the pipes. This is a function of the pipe size, flow and gradient. On a well-designed toilet the volume of flush required to clear the pan is less than the volume required to transport the waste along the pipe at a minimum grade of 1:60, as set out in the South African National Building Regulations. This minimum grade, therefore, is a compromise between reducing the volume of water required to transport the waste and reducing the depth of sewers. If the septic tank is immediately behind the toilet, very low volumes of water can be used to flush the pan. The twin-pit pour flush toilet is designed to be used with less than two litres per flush.

It is not necessary to use drinking-quality water for flushing toilets. The use of greywater, particularly from personal hygiene and clothes washing, is perfectly acceptable and has been promoted and practised in South African households in the urban areas of Durban, Pietermaritzburg and Port Elizabeth when water restrictions of 400 litres per household per day forced high volume water users to reduce their demand. 
If greywater is kept separate, it is possible to have an on-site flush system on a very small plot. Use of twin pits rather than a septic tank (infiltration directly out of the pit rather than through a French drain) allows the sludge to dry out to a point where it can be manually removed with hand tools.

The crossover when individual household solutions are no longer viable comes when it is not possible to have a second pit, leading to the same problems as with pit latrines. 
The alternative, if land can be made available, is to construct public toilet blocks and pipe everything away in a sewer reticulation.

Composting and dehydrating toilets
There are many different types of composting and dehydrating toilets, but the primary objective of all of these systems is to prevent the faeces ending up in a liquid sludge, thus greatly facilitating handling. Composting and dehydrating can occur within the toilet itself or by being removed to a household or central composting or dehydrating facility. Urine is diverted at source, using a special pedestal, mixed into the compost or separated after passing through the faecal matter. Where urine is kept separate, it is infiltrated into the ground, evaporated or piped away for collection. Whilst evaporation of urine from a single unit might not cause problems, evaporation from multiple units can. In Barkley West, Northern Cape, a small town on the banks of the Vaal River with open farmland surrounding the area, the evaporation of urine from hundreds of units was highly unpleasant when a temperature inversion prevented pollutants from escaping. In the densities experienced in developing country slums, evaporation would cause problems, not only to the slum residents, but also to surrounding developments.

Greywater must be kept out of the system. An advantage, however, of the composting systems, is that the faeces can be co-composted with organic material. This has enormous advantages in areas where there is no formal refuse collection as it removes an attraction to vermin, and thus a vector for the spread of disease, from the environment.

Whilst the technology for waterborne sewage is almost standard in its application throughout the world, there is a very large variety in the design and complexity of composting and dehydrating systems (both toilet and subsequent treatment systems). 
The most simple, sustainable system, the Fossa Alterna, comprises two pits, which are filled alternatively with excreta and other organic material such as leaves and kitchen waste. This system infiltrates the same amount of urine into the soil as a pit latrine. Once one pit is full it is left for a year to compost. When the second pit is full, the humus in the first pit can be dug out with a spade and the contents taken away in a bag. The only space required is for the two pits. Since there are no mechanical moving parts, a spade is all that is required to service the toilet. This technology was used successfully in a dense informal settlement in Hatcliffe, Harare, Zimbabwe. However, the distance to land outside the settlement was short and the number of dwellings small, so the issue of the household handing over the removal of the humus to a third party did not arise. 
An alternative is to have a permanent toilet installation and remove the contents to a separate aerobic composter. In this system, both components are above ground, which has distinct advantages over a digester system if the area has a high water table or is subject to frequent flooding. This solution can also be placed inside a house as demonstrated by Holden (2004). The only tools required for such a system are a container in which to carry the faeces and a spade to turn the compost. In cases where there is extremely limited space, such as in Dharavi, composting could be undertaken on rooftops to render it safe before removal.
In Norrkoping, Sweden and Flintenbriete, Lubeck, Germany a number of sophisticated systems have been installed, which include separators of flush water and faecal matter, UV disinfection, vacuum toilets and composting plants. Such a level of sophistication requires a high level of technical support, at household or higher level. Such support is not available in developing countries; it is even debatable if this level of support would be available in developed countries. It must be noted that unlike a boiler failure, which leaves inhabitants with cold homes and cold water, failure of these system results in untreated sewage entering the environment. This was experienced by eThekwini Metropolitan Municipality, South Africa where many developers installed their own wastewater treatment plants in the peri-urban areas but did not service them, and they promptly failed. 
In Sweden urine from only 18 apartments was collected and in Germany only 350 people were served, requiring only two to six tanker loads per year to remove the liquid waste to nearby farmland. When dealing with the slums of 500,000 to 1 million people, a high degree of institutional support would be needed to ensure an efficient and effective service that does not fail in a similar manner to its waterborne counterpart.

The crossover point comes where there is no room for a second pit or composter, and the contents of the toilet must be removed for treatment. Since the material consists only of the faeces plus any bulking material used for odour control, it is easy to handle and can be moved with very low risk of spillage or it being very obvious what is being carried. (The author has flown with fresh toilet material inside the flight cabin and carried it through two security checks into the Presidency at the Union Buildings, Pretoria. No sludge could be transported in the same manner.) As with greywater there is a limit to how far residents will carry the material before dumping it. From the author’s experience in the former homelands in South Africa this distance is approximately 200 m. At this point there would need to be a composter, either communally owned by a number of households or run by an outside organisation that would manage the composting for a fee.
Once the faeces have been composted, the material would need to be removed from the area. However, since it is now a harmless solid, it can be removed without specialised equipment and with minimal health risks to the workers.
Reuse or disposal in dense urban slums
Ecological sanitation proposes that the use of urine replaces, or partially replaces, the 100 million tons of nitrogen fertilizer produced each year using the Haber-Bosch process (Wikipedia 2008). Application of fertiliser is only beneficial if applied during a comparatively limited period during plant growth, so urine has to be collected, stored and transported to farms when required. Fertilizers are in granular form and can be transported in dry bulk or in bags, which do not require any specialised form of transport or warehousing. Liquid urine would require its own specialised collection and transport system and the volume would pose a severe environmental risk if there was an accident. As far as the author is aware, no studies have looked at this problem at scale and determined whether it would be economically feasible, although studies have been undertaken to look at the value of nitrogen and phosphorous in urine. Until there is enough information about the value added chain required to turn the raw product, (urine as it leaves the human body) into a commercially competitive product, and compare this to current processes, ecological sanitation in dense urban slums cannot be considered as a viable proposition.
Conclusions
The practice of mixing every component of sanitation together has created immense problems in the developing world, as only 8% of its sewage is treated before being discharged into the environment. This problem has been created by formal settlements and it is difficult to see how dense urban slums could achieve sustainable sanitation when the adjacent formal settlements have not.
In most urban slums any improvement to sanitation will be through the efforts of the inhabitants and therefore any technology must be within the institutional and technical capabilities of the community. True sustainability is unlikely to be achieved and the best that can be hoped for is a partial solution that minimises the risks.

First and foremost, faeces should be treated before being disposed of to ensure disease is not spread. Any form of pit latrine, digest or septic tank requires a transport system to remove the sludge to a place where it can be treated, separately from the normal sewage. This requires institutional arrangements and capital investment in specialised vehicles that is probably beyond the collective capabilities of slum dwellers. Since the authorities are unable to run the waterborne sewer systems sustainably, there is no reason to expect that they can run cartage and treatment systems in a sustainable manner.

Toilets from which the product is removed and composted locally overcome most problems, with the final composted product being safely removed from the slum area without the need for specialised equipment. This also allows for the composting of organic matter, thus removing a second factor in the transmission of disease from the environment. Although the benefits of this approach have been well demonstrated and it will result in a healthier environment, in many cultures there is still an extreme aversion to handling faeces and those who do this job are stigmatised. Much work needs to be done to overcome this. 

Urine is sterile and limited in volume. As yet it has not been demonstrated that it is possible to remove large quantities of urine from dense urban areas and use it productively in agriculture. The most effective solution is to infiltrate it into the ground. If this is not possible due to the saturation of the ground, then the co-disposal with greywater is the only other option.
Greywater composes the biggest fraction of sanitation but since by definition slums have an inadequate supply of water, the generation of greywater per household is limited. If it can be kept separate and as free of pathogenic material as possible, then it can be discharged without treatment into the environment. To prevent greywater damaging roads and other infrastructure it needs to be piped to the point of discharge. By limiting the access points and concentrating high volume users on the system, it can be kept shallow and can be maintained by the community.
The above solution is far from perfect and does not meet the definition of sustainability. However, given the constraints, it contains pathogenic material as far as possible and minimises risks.

To encourage people to adopt these practices, current perceptions need to be changed, particularly around waterborne sewage. This can be achieved by ensuring that users of waterborne sewage pay the full cost and do not receive any subsidies.
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� Richard Holden was invited to write this essay as a contribution to the IRC symposium “Sanitation for the Urban Poor”. Richard Holden is a business analyst with the Trans-Caledon Tunnel Authority in South Africa, looking at transformation in the bulk water sector. He has extensive experience in the provision of municipal services, working as a design consultant, with municipalities and at an NGO where he introduced ecosan at scale into South Africa and ran an award- winning community water supply and sanitation programme in the Northern Cape. He is well known for transforming his own home in Johannesburg using ecological sanitation principles and working with and empowering communities through his work and leadership.
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