
Chapter 6

Resource system

‘humans will need to collect, sort, recover and recycle to complete
the material cycle as well as turn waste into a resource’

Veolia Environmental Services

6.1 INTRODUCTION
The ReGenSan resource system (ReS) reinforces the resource-based paradigm (rather than waste-based) on
the premise that sanitation matter should be managed as a resource within a closed loop or cyclical flow from
collection to reuse (Park & Chertow, 2014). Sanitation provision in ReS is then regarded as the powerhouse
of the sanitation economy (within a circular economy) with a robust marketplace for products and services,
renewable resource flows and data/information vault that could transform cities, communities and
businesses with vast opportunities for economic growth, resilience, collective advantage, urban
regeneration and universal access to safely managed sanitation facilities (TBC, 2017). In the circular
economy, it is expected that natural resource utilization will follow a process of material flow,
regeneration and bio-geo-chemical circulation that reroutes them into appropriate value chains (VCs) so
as to enhance efficient resource usage (Winker et al., 2009), whereby substances are neither sources nor
sinks and links are considered both receivers and donors (Brunner & Rechberger, 2017; Yan et al.,
1993a, b, 1998). This supports the sanitation economy as the regeneration and circulation of sanitation
materials are fundamental to ensuring adequate integration of sanitation systems within SES (Chapter 4).
It is universally expected that any product in the world will inevitably turn into waste eventually (Yan
et al., 1993a, b, 1998). This circulation of products and waste is essential for the ReGenSen-ReS, which
advocates that sanitation management should follow the biochemical circulation of materials route (see
Section 4.2.3) by ensuring that infrastructural and technological solutions extend beyond ‘access and
safely managed’ to include ‘resource recovery and reuse’ (RRR) from onset of planning (Esrey, 2001;
Langergrabera & Muelleggera, 2005; Masi et al., 2017; Simha et al., 2017; Werner et al., 2009).

© IWA Publishing 2019. Regenerative Sanitation: A New Paradigm for Sanitation 4.0
Editor(s): Thammarat Koottatep, Peter Emmanuel Cookey and Chongrak Polprasert
doi: 10.2166/9781780409689_0209

Downloaded from http://iwa.silverchair.com/ebooks/book/chapter-pdf/869430/9781780409689_0209.pdf
by guest
on 22 May 2023



It follows the concept that ‘waste equals food’ and the continuous flow of resources (Benetto et al., 2009;
Langergrabera & Muelleggera, 2005; Otterpohl, 2002; Werner et al., 2003) because in nature, nothing is
useless (Hodges, 2006; McDonough & Michael, 2001a, b). ReS, therefore, holds to the process of
‘sanitize and recycle’, which is based on pollution prevention in order to meet the needs of local
communities (Haq & Cambridge, 2012; Kujawa-Roeleveld & Zeeman, 2006; Lens et al., 2001; Maurer
et al., 2012; Simha et al., 2016; Wielemaker et al., 2016; Zeeman, 2012); that is, sanitation management
should be a complete circle e.g. materials recycling and circular economy.

Human excreta have traditionally been used for crop fertilization in many countries. In Japan, urine and
faeces recycling was introduced in the 12th century and in China human and animal excreta have been
composted for thousands of years (Esrey et al., 1998; Höglund, 2001). Swedish cities organized
collection and transportation of latrine products to farmers in the 18th century and these products were
also mixed with lime to produce limed ammonium nitrate and ammonium sulphate (Höglund, 2001;
Tingsten, 1911) as well as to treat wounds, or drink as treatment therapy (Frode-Kristensen, 1966;
Höglund, 2001), and in the tanning of hides and production of gunpowder (Höglund, 2001; Stenström,
1996). In the 19th century in Denmark, urine was stored and used as detergent for washing clothes
(Hansen, 1928; in Drangert, 1998; Höglund, 2001). In other words, sanitation stock has been
transformed into a resource since ancient times. Accordingly, sustainability demands that we
acknowledge by-products of human digestion as renewable resources from which water (Daigger, 2008),
materials e.g. fertilizers (Larsen, et al. 2009), bioplastics (Kleerebezem & van Loosdrecht, 2007) and
energy (Daigger, 2008) can be recovered instead of merely removed (Guest et al., 2009).

To this effect, ReS incorporates design for reuse, from the initial phase of planning, that is tailored to the
system of the place with considerations for local institutions, market demand and supply chains that will be
necessary for them to thrive (Bahri, 1999; Jenkins & Sugden, 2006; Lazarova et al., 2001). This facilitates a
shift from the ‘design-for-disposal’ to ‘design-for-reuse’ paradigm (Table 6.1) because sanitation resources
are increasingly being considered valuable and right for certain specific purposes (Asano & Levine, 1996;
Curtis, 2010; Lu et al., 2015; Mihelcic et al., 2011, 2017; McCarty et al., 2011; Mo & Zhang, 2013; Nouri
et al., 2007; Ren & Umble, 2016).

This perspective effectively shifts the goal of sanitation from being solely the safe disposal of waste to
maximizing the extent to which embodied resources are safely captured and allocated to deliver public
and environmental health benefits (Balkema et al., 2002). The resource-based paradigm could potentially

Table 6.1 Resource-Based Paradigm versus Waste-Based Paradigm.

Waste-Based Paradigm Resource-Based Paradigm

Underlying thoughts Human waste can cause harm
to public health and safety until
shown otherwise

Human waste is a potential
resource until shown otherwise

Main strategy Safe disposal and containment Environmentally sound
processing and reuse

Language and taxonomy Waste Secondary materials

Operationalized metric for waste None Reuse potential

(Reprinted from Park J. Y. and Chertow M. R. (2014). Establishing and testing the ‘reuse potential’ indicator for managing
wastes as resources. Journal of Environmental Management, 137, 45–53, with permission from Elsevier).
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contribute productively to the local economy and livelihood (Murray & Buckley, 2009) by closing the
nutrient loop and connecting it with agriculture, recovering or processing organic matter into energy,
maintaining soil quality and recycling/recharging water entering human settlements (Brands, 2014;
Langergrabera & Muelleggera, 2005; Larsen et al., 2009; Wang et al., 2006; Werner et al., 2009).
Therefore, to move towards the goal of efficiency in sanitation matter utilization, a change that blends the
definitions of ‘wastes’ and ‘resources’ is required (Ganesapillai et al., 2015). Waste could then be defined
as the ‘opposite of value’ (Gille, 2007) from ‘waste treatment system’ to ‘resource recovery facilities’
(Mayer et al., 2016) with high resource-reuse potential often expressed as a real value between 0 and 1,
where 0 represents ‘waste’ and 1 represents potential ‘resource’; the movement along this line represents
how biomass from sanitation systems transform into reusable sanitation-derived products (SDPs) (Park &
Chertow, 2014 – Figure 6.1) and represents a change in emphasis from ‘treatment and disposal’ to ‘cradle-
to-cradle’ (Braungart et al., 2007; Hodges, 2006; Masi et al., 2017; McDonough & Michael, 2001a, b).

For instance, huge potential exists for nutrient and energy recovery as well as safe reuse of sanitation
materials in agriculture (Mihelcic et al., 2011; Munamati et al., 2016; Verbyla et al., 2013). Sanitation
will particularly have to cooperate with agriculture in order to avoid emissions and allow for reuse of
water and nutrients (Otterpohl, 2000). It is estimated that by the year 2050, sub-Saharan Africa (SSA)
will have the potential to recover over a million tonnes of phosphorus per year from faeces and urine
(Mihelcic et al., 2011), which provides an incentive to immediately implement low-cost innovative
sanitation technologies to unserved populations in the region so as to enable recovery and reuse of

Figure 6.1 Overview of waste stream and resources with potentials for recovery and reuse of nutrients,
organic matter, water and energy (Source: Andersson et al., 2016a).
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nutrients and water (Munamati et al., 2016). Studies have shown that crop fertilization with
sanitation-derived nutrients (SDNs) increases yield due to limiting growth factors of nutrients such as
nitrogen, phosphorus and potassium. Consequently, it is important that SDNs are used efficiently and in
differing ways, which will depend on the amount of available nutrients in relation to available space and
fertilizer requirement per area unit (Jönsson et al., 2004). When the area is not a limiting factor, the full
fertilizing effect can easily be gained from SDNs such as urine, even if the urine is applied at different
dosages in different places, as long as the dosage in all places is below rate A (Figure 6.2).

Effective ReS is the paradigm that provides products and services across the entire sanitation value chain
(SVC), interlinks with agriculture and other sectors to generate benefits to all economies, actors and entities
in the VC and creates connectivity of resources among physical and biological systems, ensuring circularity
in the process from start to finish (Otoo & Drechsel, 2017). It should also open up opportunities for VC
creation within the sanitation system in general and the service chain (SC) in particular that would have
been lost to cost savings and/or cost recovery in the sanitation sector (Otoo & Drechsel, 2017). SC
refers to the sequence of actions and infrastructure that is applied to long-term provision of sanitation
services for all and at scale and also describes the ways in which sanitation services are provided
(Zurbrügg & Tilley, 2007 – see Section 5.2.1). The VC includes all producing and marketing enterprises
operating in the entire sanitation system creating and delivering services in the sanitation market. They
include product design and development and product transformation enterprises that use SSC raw
materials for safe recovery of water, nutrients, organic matter and energy, which are finally delivered to
customers. These enterprises interact constantly with the activities of buying and selling products and
services, exchanging information and cooperating to pursue shared interests (Springer-Heinzer, 2017).
This offers immense and scalable opportunities for entrepreneurs within the VC through transforming

Figure 6.2 The effect on crop yield of increasing application rates of available N, e.g. in the form of urine. Up to
rate A, the increase in yield is linear to the addition of urine. Between rate A and rate B, the yield still increases
in response to the increased fertilizer application, but at a slower rate. Beyond rate B, additional fertilizer
application becomes toxic and the yield decreases if the application rate is increased (Reprinted from
Jönsson H., Richert Stintzing A., Vinnerås B. and Salomon E. (2004). EcoSanRes Programme Report
2004–2, 137, Guidelines on the Use of Urine and Faeces in Crop Production, with permission from
Stockholm Environment Institute).
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sanitation matter into low-carbon assets for use in agriculture and other sectors. And with appropriate
implementation, it could bridge technological gaps in conventional sanitation management that optimize
the recovery of beneficial materials, which could be used to support related economic opportunities
(Tilley et al., 2014a). Along the lines of the ReGenSan framework, ReS approaches should not be
technology-centred or toilet-focused, but should target resources and their management in a manner that
emphasizes continuous protection of the environment and human health (Peccia & Westerhoff, 2015;
Scheierling et al., 2010).

However, to avoid past failures of countless similar projects, determining the cost-effectiveness of
different measures in specific contexts and under local conditions requires an economic analysis (WHO,
2006a), while improvement will require significant investments in market research, bankable business
models for cost recovery, stakeholder buy-in and innovative partnerships (Otoo & Drechsel, 2017). To
address this challenge, several landmark activities by national governments and international
non-governmental organizations have been established to improve resource recovery in the sanitation
sector. For example, the strategic research action plan of the U.S. Environmental Protection Agency
(USEPA) Office of Research and Development’s guiding objectives towards recovery of energy,
nutrients, water and other valuable substances embedded in wastewater (Mihelcic et al., 2017; USEPA,
2015); U.S. Department of Energy (DOE) Institute; research opportunities in the area of waste
conversion technologies (Mihelcic et al., 2016; USDOE, 2016 – Box 6.1); the Water Environment and
Reuse Foundation (WE&RF)’s projects on the identification of recoverable products from wastewater
streams as a key strategy to bridging the knowledge gap in nutrient recovery (Mihelcic et al., 2016;
WE&RF, 2011); and the International Water Association (IWA)’s global initiatives for recovery of
water, energy and other valuable materials found in wastewater (IWA, 2016; Mihelcic et al., 2016;
USDOE, 2014). Also, the United Nations Sustainable Development Goals have provided specific targets
relating to resource recovery and reuse (RRR), from sanitation materials (SDG 6), harvesting renewable
energy resources from materials derived from sanitation systems (SDG 7) and supporting sustainable
production and consumption by recovery and reuse of materials from sanitation to support agriculture,
aquaculture and other industrial processes that deplete non-renewable natural resources (SDG 12), using
SDPs to help restore degraded soils (SDG 15), utilizing resources from sanitation to improve food
security through the practice of resilient agriculture that help maintain ecosystems (SDG 2) and
designing sanitation infrastructure that supports urban regeneration so as to help build resilient cities
(SDG 11) (Otoo & Drechsel, 2017; UNDP, 2018). Therefore, the key questions that need to be answered
are: (i) what resources are available in the sanitation streams? (ii) what demand might there be for them?
and (iii) how could they be recovered? (Andersson et al., 2016a, b).

BOX 6.1 GLOBAL EXAMPLES OF LARGE-SCALE REUSE OF TREATED WASTEWATER
FOR IRRIGATION, AQUACULTURE AND INDUSTRY (MURRAY & RAY, 2010)

Irrigation in Tunisia

Tunisia uses about 30 to 43% of the country’s treated wastewater for agricultural and landscape
irrigation, an option that is always considered at the planning stage of any treatment plant (Bahri,
2009). Reuse is motivated by interests in protecting coastal waters and mitigating water scarcity. By
2020, plans in Tunisia include irrigating 20,000 to 30,000 hectares with reclaimed wastewater (Bahri,
2009).
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6.2 SANITATION VALUE CHAIN (SVC)
SVC is a market-based approach where value is added at different stages of the SC activities from design,
production and marketing to deliver products and services, especially in RRR within the SSC (Sievers &
Kelly, 2016). In general, VC depicts how customers’ value accumulates along a chain of activities that
lead to an end product or service (Figure 6.3). The concept of VC has several dimensions, such as:

(i) The input-output structure, which describes a chain as a set of products and services linked
together in a sequence of value-adding economic activities;

(ii) Geographic spread. Some chains are truly global (with activities taking place in many countries
and on different continents) while others are more limited (involving only a few locations in
different parts of the world); and

Figure 6.3 Generic elements of a basic value chain map (Source: Springer-Heinzer, 2017).

Aquaculture in Kolkata, India

Kolkata’s decades-old wastewater-fed aquaculture system is the largest in the world. The system was
built in the 1930s and consists of a series of waste stabilization ponds that feed into fish ponds, which
span nearly 4000 hectares (Jana, 1998; WHO, 2006b). The combination of treatment pond with
aquaculture is credited with simultaneously providing a low-cost means of wastewater treatment, 10
to 20% of the fish consumed in Kolkata and employment for more than 25,000 local residents
(WHO, 2006b).

Industrial Reuse in Durban, South Africa

In Durban, industries reuse municipal wastewater from the Southern Wastewater Treatment Works.
The reclamation facility comprises tertiary treatment and has a capacity of 47,00 cubic metres per
day, equivalent to 7% of the city’s potable/industrial water demand. The effluent is used primarily by
Mondi Paper as well as oil refineries (Gisclon et al., 2002; USEPA, 2004).
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(iii) The control that different actors can exert upon what makes up the chain. The actors in a chain are
directly controlling their own activities or indirectly controlled by other actors (McCormick &
Schmitz, 2001). Porter (1985) describes the VC as processes or activities by enterprises ‘to
design, produce, market, deliver and support its product’ (IMA, 1996; Springer-Heinzer, 2017).

In other words, VC conceptualizes activities needed to provide products or services to customers and
depicts the way a product gains value (and costs) as it moves along the path of design, production,
marketing, delivery and service to customers (Ensign, 2001; Springer-Heinzer, 2017). But in sanitation
the VC is often focused within the SSC actors and local businesses involved in FSM activities (Blackett
et al., 2014 – Figure 6.4); however, the SSC (see Section 5.2.1) does not really present the whole picture
of the SVC; this makes it more restrictive.

The SVC could be used to identify the technical steps (such as production, transformation, etc) within the
sanitation system and the value-added activities within the SSC through the collaboration and interaction of
enterprises and their partners in the delivery of products and services to customers and users. It could also be
useful in analyzing how sanitation entrepreneurs operate in faecal sludge management (FSM) markets in
specific cities and how such markets could be improved (Blackett et al., 2014; SuSanA, 2017).
However, the current structure of the SVC only addresses the value-added activities at the SSC stage of
the sanitation system; while some argue that value is added at every phase of the SSC (Blackett et al.,
2014), others suggest that the value that could generate additional financial flow in the sanitation system
is at the back end of the SSC (Murray & Ray, 2010). This implies that tapping into the customer
segment interested in resources recovery from sanitation-derived products (SDPs) (Diener et al., 2014)
could produce additional revenue stream through sales of such products and this could alter the financial
flow of the SSC, which could also result in the off-setting of disposal costs (Gebauer & Reynoso, 2013;
London & Hart, 2010).

However, as impressive and positive as this is, it focuses the VC activities within the SSC, which is
probably the reason for misidentifying the SSC and the SVC. This limits the efficiency and practicality
of the SVC and breaks the circularity from initial production to reuse (i.e. weakens the force behind the
sanitation economy). The complete sanitation system begins from the point of product and service
development and design (e.g. toilets, faucets, tanks, pipes, treatment plants etc) up to the point of reuse
and continues through feedback to the design stage. Therefore, the SVC should not be restricted to the
SSC. There is, then, a need to differentiate between the SSC and SVC so that the SVC captures all the
value-added activities and enterprises within the entire sanitation system. Van Dijk (2012) recognized

Figure 6.4 Sanitation value chain (SVC) used to illustrate sanitation service chain (SSC) (Source: van Welie
& Romijn, 2018).
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this necessity and proposed three stages of SVC before products’ raw materials could be ‘harvested and
manufactured:

(1) Designing and building toilets as well as going for individual or collective solutions;
(2) Operation and maintenance outsourced to small enterprises and emptying and transportation done

by small private operators; and
(3) Recycling services provided by separate actors, preferably local enterprises.

ReGenSan presumes that solving the sanitation problems will require innovative solutions in infrastructure,
technology, production, service delivery and cost recovery and so the SVC should be analyzed throughout
the value-adding activities of the entire sanitation system. A lack of profitable and financially viable options
for managing the complete sanitation system and its associated enterprises and partners constitute a major
barrier to development. Finding innovative ways to create viable businesses in the sanitation sector could
greatly enhance the ReS and improve access and delivery (Diener et al., 2014). This could be achieved
by distilling the motivations and incentives at work on each link across the SVC (Kennedy-Walker et al.,
2014). Several series of studies on the sanitation value chain analysis (SVCA) have been conducted in an
attempt to understand the SVC, its components and various interventions that improve access to SDPs
based on the needs of actors or their place within the chain (Peal et al., 2010; Pedi, 2012; Tayler et al.,
2000; Willetts et al., 2017). SVCA is valuable in that it helps in comprehending the workings of the
whole chain, the functions of each link along the chain and the influence of external parties (supporters
and enablers). It also aids mapping of the SVC and examines costs, output and the physical flow of
commodities along the chain (Willetts et al., 2017). In addition, it could unravel issues of power,
inclusion/exclusion, inequality and vulnerability (Bolwig et al., 2010) as well as desirability, feasibility
and viability (Pedi, 2012).

6.3 INTEGRATED FUNCTIONAL SANITATION VALUE CHAIN (IFSVC)
Based on the concept of tracking the SVC from the initial stage of product/service design/development and
following the ReGenSan principles, an integrated version of the SVC is proposed – integrated functional
sanitation value chain (IFSVC). The IFSVC addresses the operational functions within sanitation
systems in combination with sanitation enterprise operators and external actors such as supporters that
regulate the sector (professional associations) and support SVC growth, and enablers that govern and
regulate (governments) SVC activities (Table 6.2) (Springer-Heinzer, 2017).

Table 6.2 IFSVC Combination Structure.

Operational Functions Enterprise Operators Supporters Enablers

Primary production Designers Public agencies Policies

Transformation Producers Regulators Legislation

Marketing Integrators Financing institutions Regulations

Final sale Processors NGOs/CBOs Standards

Traders Cultures

Distributors Environments

Suppliers

Fabricators
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IFSVC is made up of seven stages and links in a closed loop and represents the ‘enterprisation’ of the
entire sanitation system, which includes the SSC (Figure 6.4, Table 6.1). This implies that the SVC
covers more than the SSC, but explores all enterprises, ventures and activities within the whole system
of a sani-shed or sani-district (sanitation district). An attempt is made to expand the considerations for
sanitation activities beyond just the SSC because, until sanitation management is addressed
comprehensively and solutions are integrated systematically, the wins will cancel themselves across
range and the sanitation economy will be weakened. The sanitation economy is dependent on the
value-added activities across all stages of ReS and so when some aspects are disregarded or left out, the
gains from those enterprises are not counted and the SVC is incomplete. To this effect, the IFSVC tries
to identify the functional linkages within a systemic loop that captures the various functions at different
stages related to sanitation management from conceptualization to the final market as well as the
enterprises and ventures within each stage. This concept implies that value-added activities within each
stage and the way the stages link to each other through enterprise interactions depicts the integrated
value chain system. This integrated VC system assumes that the SVC (and sanitation economy) cannot
be effective unless all stages are working connectively. Figure 6.5 illustrates the seven stages of the
proposed IFSVC:

Figure 6.5 Illustration of integrated functional sanitation value chain (IFSVC).
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(I) Design and development i.e. the initial stage of planning and conceptualization; this stage is
directly linked to the next (link A);

(II) Equipment manufacturing and supplies, i.e. the stage of primary production of user products,
supply and distribution to the market and service delivery such as toilet combo, faucets, pipes
etc. which then links (link B) to stage III directly;

(III) Facility integration and construction, i.e. the stage of installation, construction, connections,
operations and fabrication of sanitation facilities at point of use (such as septic tanks, public
toilets, treatment facilities, pipe-laying etc), and directly connect to the next stage (link C);

(IV) Sanitation service chain, i.e. the stage of activities after the user interface from collection to
disposal and/or treatment (such as emptying, transportation, disposal etc); there is then a
direct link (link D) to recovery stage;

(V) Biomass recovery, i.e. the recovery of organic nutrients, biogas, manure through various
processes; this then moved on to transformation (link E);

(VI) IV Product transformation, i.e. the utilization of changed products for other purposes such as
agriculture, aquaculture etc. and is where connection to the final market for resource reuse is
effected (link F);

(VII) VII End users/customers’ markets, i.e. the final market for the sanitation resources obtained
from the recovery and transformation processes (e.g. farmers). Subsequently, the market
provides feedback to the designers and developers at the conceptualization stage for
appropriate, acceptable and marketable products/services (link G).

All these stages are anchored (all through the chain) by supporting and enabling structures and
mechanisms. In essence, design and conceptualization of sanitation products and services take place at
stage 1, then moves on to stage 2, the equipment manufacturers that produce end-to-end equipment and
technologies as well as distributors. Stage 3 refers to enterprises involved in integrating, installing,
fabricating and operating sanitation infrastructure using the products and services from stage 2, leading
to the enterprises and partners operating the processes of the SSC in stage 4 (Figure 6.5). Subsequently,
it is expected that resources would be recovered after treatment at stage 5 and transformed for utilization
at stage 6, where it should be transmitted to the final marketplace at stage 7. Feedback from stage 7 back
to the stages from stage 1 will relate users’/customers’ satisfaction, expectations, requirements,
preferences and acceptability, which will provide fodder for innovation, continuous improvement and
market comprehension.

The reason for starting from the stage of conceptualization (stage 1) is based on the observation that most
of the time, sanitation products available in the marketplace (stage 2) were not originally designed to
enhance resource capturing and facilitate reuse, while inadequate supporting/enabling governance,
management and financial environment in most developing countries further hinder the growth of the
sanitation sector. This is probably responsible for the low patronage experienced from stage 5 and 6 as
there are very few enterprises invested in this stage of the value chain; and even though stage 4 (SSC)
has seen a lot of activities over the years, there is still minimal standard business participation with the
exception of sewered systems in developed countries. Therefore, the weakest links in this IFSVC are
links D, E, F and G; this is directly related to the fact that there are almost no direct or indirect
interactions between stages 1 and 2, with stages that could help enterprises to design and produce
technologies that fit from the beginning (which could create a more integrated value chain and effective
and robust sanitation economy). Although sewered sanitation in developed countries (see Section 5.2.5)
is suitably established, a review of enterprises on the IFSVC indicated that the weakest links are links D,
E and F; however, this is strengthened through infrastructural standardization (see Section 5.3). In
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addition, consistent investment, innovation, research and development often lead to technological and
regulatory improvements, which also aid the market. Furthermore, the lifespan of sewered sanitation
components is well defined and so the products are manufactured to acceptable durability specifications
that give players and partners within the existing SVC enough time to adjust and adapt to market forces
and associated changes (PWC, 2012). For instance, in the USA, a shower head is replaced every 12.5
years, a lavatory faucet is replaced every 15 years and a toilet is replaced every 30 years (GMP Research
Inc., 2015); thus, innovation has approximately 12 years to mature, which gives enough room for
investments, user preparedness and acceptance in the marketplace (Table 6.3).

Table 6.3 Enterprises and Businesses Operating in the Integrated Functional Sanitation Value Chain
(IFSVC).

Stages Enterprises/////Businesses

Design and product development
enterprises

Research and development, education and training institutes,
wastewater treatment plant designers, home, commercial and
toilets/accessories designers, architectural and interior designers,
sanitary engineering consultants, sanitary wares and accessories
designers, recovery, recycling and reuse system designers, town and
urban planners, public and environmental health consultants etc.

Equipment manufacturing and
supplies enterprises

Sanitary wares and accessories, treatment plant/accessories,
toilets/accessories, recovery, recycling and reuse accessories, cement
manufacturers, importers, suppliers, retailers, distributors, plumbing
materials/accessories, cleaning and hygiene products, metal, cements
and wood work, suppliers/distributors etc.

Facility integration and
construction enterprises

Fabrication and installation, logistics and transportation, architecture
and real estate, sanitary engineering, town and urban planners,
wastewater treatment plant installation, faecal and sewage sludge
treatment plant installation, recovery, recycling and reuse, home
and commercial building toilet installation, plumbing and cement
works, public and mobile toilet installation, microenterprises services,
sales, installation and construction, local mason, metal, woodwork
and concrete building contractors, testing and quality control
laboratories etc.

Sanitation service chain
enterprises

Logistics and transportation, wastewater treatment plant operations and
maintenance, faecal and sewage sludge collection, emptying and
treatment, public and private utilities, environment and public health
consultants, operations and maintenance, sanitary engineering, town
and urban planners, cleaning and hygiene, testing and quality control
laboratories, public, home, commercial building, mobile, toilet
maintenance, plumbers, local artisan and masons, education, training
and capacity development etc.

Biomass recovery enterprises Resource recycling and recovery, composting and organic matter
recovery, wastewater resource recovery, faecal and sewage sludge
treatment recovery, public and private utilities, certification and
verification, health, safety, quality control and assurance,
training/capacity building etc.

(Continued )
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Non-sewered sanitation in developing countries is not so well established. The challenges of
standardization (see Section 5.3), short lifespan of products and high rate of dysfunctionality impact
negatively on the effectiveness and efficiency of existing SVCs, especially since these products and
their components were not designed for RRR. Unsurprisingly, the enterprisation of non-sewered
sanitation in the IFSVC is still in its infancy at stages 5 and 6 and the weakest links are D, E, F and
G. This could be related to the fact that most products used to configure non-sewered sanitation
infrastructure were not originally designed for its processes, but are actually borrowed from sewered
structures and so have different requirements and specifications. For example, water closet toilets
used with septic tanks that require minimal water and/or other improvised products and services
provided by local artisans, particularly in developing countries. These products are hardly
standardized and often unattractive to users/customers (there are no certifications for these artisans
either) and so often create an impression that there are no markets for sanitation products and
services in developing countries (as demand is based on known necessity). Recent studies indicate
that household demands go beyond value propositions for actual relevant benefits or package of
benefits (OECD, 2011; Sy et al., 2014). Accordingly, the proposed IFSVC entrepreneurs, investors
and marketers require more qualitative and quantitative insights in order to design products and
services that people truly want and adequate investment in deep understanding of customers’ needs,
desires and expectations could fill up this loop (BoP Innovation Centre, Aqua for All and Sanitation
Window, 2014) (see Box 6.2). In addition, researchers and interventionists need to interact directly
with the enterprises at all stages so as to share knowledge/information on users’ expectations,
innovations and discoveries.

Table 6.3 Enterprises and Businesses Operating in the Integrated Functional Sanitation Value Chain
(IFSVC) (Continued ).

Stages Enterprises/////Businesses

Product transformation enterprises Organic fertilizers and manure, recycled water suppliers, biogas and
energy producers and suppliers, aquaculture, horticulture, animal feeds
producers, parks and gardens management, farmers’ cooperative
organizations, aquaculture cooperative organizations, certification and
verification, health, safety, quality control and assurance etc.

Final marketplace
(users/customers)

Microenterprises, institutions e.g. schools, prisons, horticulturists,
farmers, aquaculturists, households, biogas users, producers of organic
fertilizers etc.

IFSVC enablers Policy, legislators, regulators, guidelines and standards developers,
land-use planning, sustainable financing, investors and banks,
policymakers etc.

IFSVC supporters Ministries/departments/agencies responsible for environment, health,
water resources, economic planning and cooperatives, natural
resources, agriculture, fisheries and aquaculture, trade, commerce,
industry, gender and development, education, information and
communication, financial and insurance institutions, public and private
investors, marketing and advertising, multilateral organizations,
research community, international, regional, national and local
non-governmental organizations, community based organizations etc.
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BOX 6.2 SANERGY FRESH LIFE TOILETS, NAIROBI, KENYA (SANERGY, 2018)

The development of a classic case of an integrated SVC is aptly illustrated by Sanergy, a social
enterprise based in Nairobi, Kenya, with a mission to make hygienic sanitation affordable, and
accessible for everyone. Sanergy has a local brand, Fresh Life, under which the FLT (Fresh Life
Toilets) are franchised to entrepreneurs in informal settlements. The Fresh Life Operators (FLT
owners) maintain the FLT, keeping it clea,n and make a profit by charging per use of the FLT. The
FLT is a prefabricated concrete structure that uses a urine-diverting squat plate. The urine-diverting
squat plate is a dry toilet design that eliminates the need for water after use. Members of the
Sanergy staff collect the waste from the FLTs every day and bring it to a central processing site
where it is converted into fertilizer (http://www.chefcooke.com/sanergy/ – Figure 6.6).

Figure 6.6 Sanergy integrated sanitation value chain (http://www.chefcooke.com/sanergy/).
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Strengthening the ReS will require direct interaction between stages A and D, E and F (see Figure 6.5)
so that product designers and developers can incorporate key requirements of the SSC, resource capturing
and transformation into the initial conceptualization of products and services. Other upscaling strategies
include, but are not limited to (BoP Innovation Centre, Aqua for All and Sanitation Window, 2014):

(i) Establish and/or scale up local businesses and industries to manufacture, distribute and install
products that meet customer demand as well as offering choice, flexibility, upgrading potential
etc.;

(ii) Stimulate innovation of sanitation business models and solutions to address all areas of needs
covering households, institutions, public and communal;

(iii) Bundle microenterprises and/or attract larger companies to be able to invest in new value
propositions, reduce costs and develop demand through marketing;

(iv) Facilitate the participation of industry actors, especially in non-sewered sanitation, and provide
the needed support to overcome its barriers;

(v) Design for hygiene and high quality standards by ensuring that products and services offered by
companies adhere to demands and desires;

(vi) Encourage the development of new partnerships in both developed and developing markets
by attracting larger private-sector actors to collaborate with pioneers in sewered and
non-sewered sanitation to stimulate hybrid financing mechanisms and/or results-based
financing mechanisms;

(vii) Encourage investment in standardization in order to create conditions for further scaling that
could reduce costs;

(viii) Explore/focus on potential revenue streams for RRR;
(ix) Facilitate the creation of new industries and markets for SDPs, or enter current industries that may

have created barriers for new-entrants;
(x) Develop innovative strategies to stimulate the demand for SDPs and provide incentives for

further investments in the sanitation sector; and
(xi) Facilitate the continued pioneering of new products and services through a range of start-up

funding facilities for intermediaries to facilitate inclusive innovations to reach the market.

Currently regulations, financial incentives and innovation instruments are lacking, and these result in huge
barriers to new entrants, especially for non-sewered sanitation; meanwhile poor performance of the SDG
targets for sanitation in most developing countries is not encouraging. Therefore, industry facilitation
that lowers barriers for companies in energy, organic agriculture inputs, fish feeds, biogas etc. (without
distortion of market systems) could be instrumental to scaling sanitation up to enhance the delivery of
improved sanitation services (BoP Innovation Centre, Aqua for All and Sanitation Window, 2014).

6.4 REGENSAN RESOURCE SYSTEM
So what is the ReGenSan ReS? It is nested in the SES, which provides the catchment area for harnessing
sanitation resources (see Chapter 4). It is particularly based on ReGenSan principles (see Section 2.4)
interlinked with agriculture and other sectors to generate benefits to all economies, actors and entities in
the IFSVC while also creating resource connectivity among physical and biological systems (Otoo &
Drechsel, 2017). This subsystem of the ReGenSan framework is made up of three dimensions and 15
components. The three major dimensions are: (i) design for recovery and reuse (DeRaR), which provides
technological and infrastructural support for the operationalization of ReS; (ii) sanitation service chain
raw materials (SSC-RaMs), which provides the input materials for ReS; and (iii) sanitation-derived
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products (SDPs), which refers to recoverable and reusable products from sanitation systems (Box 6.3,
Figure 6.7). ReS highlights re-materialization i.e. the innovative recovery and reuse of sanitation matter
to create entirely new value-added products (Simha & Ganesapillai, 2017). To this effect, the circular
economy could be accomplished if agriculture (food security) is introduced into the sanitation-water-
health equation (Rose et al., 2015).

Globally, RRR of human waste have been studied and treated wastewater used for various crops in
agriculture {from vegetables cultivated for human consumption (Cifuentes, 1998) to willow coppice
used as biofuels (Carlander et al., 2000) and for irrigation as well as domestic potable and non-potable
purposes (Asano et al., 1992; Höglund et al., 2002; Okun, 2000). The underlying philosophy behind
ReS is that economic incentives can result in more efficient and productive services as values are
added at each stage and they cut across key stages and links of the IFSVC, to stimulate new integrated
solutions that generate profits or at least recover operational costs (O’Keefe et al., 2015).

Therefore, ReS views the sanitation economy as an interaction between different actors including
designers, producers, consumers, suppliers, organizations, labour force and the government (Fligstein &
Dauter, 2007). These actors and the markets are seen to be in constant co-evolution within different
institutional settings (Beckert, 2009). A poor understanding of how markets are structured, operated and,
indeed, performed leads to an underestimation of the complexity of the sanitation system that often
results in unstandardized products and service delivery (O’Keefe et al., 2015).

The principal drivers for ReS are largely:

(I) Increasing resource scarcity and stress with diminishing global nutrient reserves (e.g. depletion of
phosphorus ores);

(II) Increasing fertilizer prices and stricter regulations for safeguarding the environment from
pollution;

(III) Expanding population with increasingly limited resources under progressing climate change; and
(IV) Recognizing the resource value of wastewater, excreta and greywater (Otoo & Drechsel, 2017;

WHO, 2006a, b).

BOX 6.3 RES DIMENSIONS AND COMPONENTS

(I) Design for Recovery and Reuse (DeRaR) advocates for designing site-specific and
recovery/reuse-oriented sanitation infrastructural and technological solutions from the onset of
the ReGenSan planning process. DeRaR comprises four components: (i) recovery and reuse
from existing facilities, (ii) alternative designs for recovery and reuse, (iii) demand
based-designs and (iv) health and safety.

(II) Sanitation Service Chain RawMaterials (SSC-RaMs) are the input materials in ReS. SSC-RaMs
consists of six components: (i) faeces, (ii) urine, (iii) flushwater, (iv) greywater, (v) anal cleansing
water and other materials and (vi) sludge (faecal and sewage)

(III) Sanitation-derived Products (SDPs) focus on the recovery and reuse of sanitation-derived
nutrients (SDNs), bioenergy and used water products from the SSC-RaMs. It consists of five
components: (i) used water, (ii) sanitation-derived fertilizers(SDFs) (iii) bioenergy, (iv) soil
conditioners and (v) other output materials, e.g. protein feed, building materials, trace elements.
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6.4.1 ReGenSan resource system dimensions
There are three dimensions to the ReGenSan ReS: (i) Design for Recovery and Reuse (DeRaR) recommends
site-specific recovery and reuse sanitation infrastructure and technology design solutions from the onset of
sanitation planning; (ii) Sanitation Service Chain Raw Materials (SSC-RaMs) requires that input materials
recovered from the SSC are appropriately captured in the right quality and quantity required for necessary
bio-physical-chemical value-added transformation processes that deliver the expected products and services
to satisfy customers’ needs; and (iii) Sanitation-Derived Products (SDPs) requires that products derived
from sanitation are obtained with the highest standards of technological, best applicable and appropriate
processes at that point in time and such products should meet the general uniform global and national
standard characteristics and quality for the industry category and the satisfaction of the consumers.
Details of the three dimensions are presented below.

6.4.1.1 Design for Recovery and Reuse (DeRaR)
DeRaR incorporates the philosophy of recovery and reuse from the conceptual stage of sanitation initiatives
to provide tangible and quantifiable incentives to deliver products and services with focus on the provision
of safely managed sanitation infrastructure such as toilets and treatment plants, to facilitate the ease of
product recovery. The aim of DeRaR is to facilitate a culture of designing site-specific and RRR-oriented
sanitation technological infrastructure from the onset of the planning process rather than as an

Figure 6.7 Linkage between the ReS dimensions and the integrated functional sanitation value chain.
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afterthought and at the same time protect public health and environment (Bahri, 1999; Murray & Buckley,
2009). This strategy is born out of global acknowledgement of the inherent resource potentials of human
waste materials rather than resource scarcity. Therefore, integrating DeRaR into the design of the
‘sanitation of the future’ creates windows of opportunity that could provide a large number of new
sanitation infrastructures (sewered and non-sewered) around the world and meet the need of the estimated
2.4 billion people currently without ‘safely managed’ sanitation facilities, and in addition cover the
shortfall arising from the ever-increasing global population, estimated to be over 9 billion by 2050
(Orner & Mihelcic, 2018). This reiterates the urgent need for new-generation sanitation technologies that
embody resource recovery goals (see Section 5.4.1.3). However, practitioners could be challenged,
especially in the area of technological and infrastructure redesigns and development, while users would
be faced with pyscho-social-cultural issues of ‘faecophobia’ and ‘faecophilia’ (see Section 4.2.1.1).

For instance, Murray and Buckley (2009) observed that when designing a treatment scheme for reuse in
agriculture, it is desirable to maintain the embodied nutrients in the water, a factor that can significantly
reduce capital and operational costs to the aquatic environment. Therefore, the goal of DeRaR is to
support the development of sanitation technological infrastructure that is able to recover and reuse
inherent resources from sanitation systems, deliver public health and environmental quality benefits
associated with ‘safely managed’ sanitation and make productive contributions to the local economy and
livelihood (Murray & Buckley 2009). DeRaR core components are: (a) recovery and reuse from existing
facilities, (b) alternative designs for recovery and reuse, (c) demand based-designs and (d) health and safety.

6.4.1.1.1 Recovery and reuse from existing facilities

Existing sanitation technologies have varying capacities to recover resources that could enhance food
security, reduce pollution from untreated waste and reduce waterborne diseases (Heinonen-Tanski & van
Wijk-Sijbesma 2005). However, resource recovery from existing sanitation systems is constrained by
available technologies, quality and concentration of materials for recovery as well as space and capital
for infrastructure modification (Brands, 2014). Recovering resources from existing conventional
technologies will require additional biophysical, mechanical and chemical processes as well as
procedures (Mulder, 2003; Stark, 2004; WERF, 2011). Safely managed facilities that allow treatment
and disposal to occur on site (non-sewered) can also collect, transport and manage faecal sludge (FS) off
site or convey it through networks of sewers, and these would be good options for resource recovery
(Orner & Mihelcic, 2018). Also, safe collection of urine from urine-diversion composting toilets (UDCT)
would allow for recovery and reuse of sanitation-derived nutrients (SDNs) (e.g. N, P and K).
Technologies that incorporate stored faeces, such as latrines and septic tanks, can incorporate faecal
sludge management (FSM), which is defined as the effective collection, transportation, treatment and/or
disposal of faecal sludge that has not travelled to a sewer (ISO/IWA, 28:2018; Singh et al., 2017;
Strande et al., 2014) Figure 6.8.

FSM can provide cost-effective sanitation solutions with potential beneficial use of SDPs for soil
amendment or energy production (Kennedy-Walker et al., 2016). For instance, FS can be composted in a
latrine and perhaps even also collected from latrines, then transported and treated to recover resources
(Orner & Mihelcic, 2018) Figure 6.9.

Consequently, resources could also be recovered from existing conventional sanitation infrastructure.
There is, of course, the exception of the traditional ‘dig-use-cover’ pit latrines that return the majority of
the nutrients to the soil (but not N, which is primarily lost to the atmosphere) and do not have the
potential to strategically recover nutrients because of the large number of distributed disposal sites
associated with this technology (Orner & Mihelcic, 2018). Existing technologies such as septic tanks,
VIPs, pour flush, etc. have moderate potential for resource recovery, particularly with integration of
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FSM or centralized resource recovery facilities (ISO/IWA 28:2018; Orner & Mihelcic, 2018; Singh et al.,
2017; Strande et al., 2014). The double-vault composting and the urine-diverting composting latrines have
shown the greatest potential for resource recovery among existing non-sewered sanitation facilities, if
properly operated (Orner & Mihelcic, 2018).

Figure 6.8 Non-sewered sanitation faecal sludge management (FSM) chain (Source: ISO/IWA 28:2018).

Figure 6.9 Overview of technology options for faecal sludge treatment (Reprinted from Singh S., Mohan
R. R., Rathi S. and Raju N. J. (2017). Technology options for faecal sludge management in developing
countries: benefits and revenue from reuse. Environmental Technology & Innovation, 7, 203–218, with
permission from Elsevier).
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Centralized treatment facilities provide enormous opportunities for resource recovery such as used water,
bioenergy and SDFs. Several current options of centralized resource recovery infrastructure existing options
are anaerobic digestion, bioenergy from biogas and struvite precipitation for nutrients (Asano & Levine,
1996; Orner & Mihelcic, 2018; WERF, 2011). For instance, there are four potential aspects of traditional
sewage treatment plants that could be utilized for P recovery (Cornel & Schaum, 2009; Ye et al., 2017).
Figure 6.10 illustrates that the liquid phase for P recovery is sludge liquor (A) while the dewatered
sewage sludge (1) and ash (2) are considered to constitute the sludge phase for P recovery as well as the
ash from the incineration process (Bourioug et al., 2015; Egle et al., 2016; Li et al., 2016; Ye et al., 2017).

In addition, the sludge liquor is returned to the influent in the municipal wastewater treatment so that P
recovery from the sludge liquor can decrease the load of P by up to 20% (Evans, 2007). Some strategies for
recovery and reuse from existing sanitation facilities are:

(I) VIP latrines that recover sludge throughmanual or mechanical excavation. Mechanical removal of
sludge into slurry tankers may not be available or not well advertised and studies have shown that
the majority of users of VIP in Blantyre (Malawi) were unaware that mechanical removal was an
option (Grimason et al., 2000; Orner & Mihelcic, 2018),

(II) Composting latrines produce compost, a soil conditioner (Fry et al., 2008; Orner &Mihelcic, 2018),
(III) Urine-separated composting latrines additionally produce struvite, a nutrient-rich fertilizer (Orner

& Mihelcic, 2018),
(IV) Septic tanks produce sludge that can be recovered through faecal sludge management (Orner &

Mihelcic, 2018; Strande et al., 2014),
(V) Sewered toilets have several options for resource recovery. Although sewer effluents are often

reused in agriculture without treatment, the pathogens present may make this an unsafe option.
With pathogen treatment, nutrients in the wastewater can be reused and more safely applied to
crops (Guest et al., 2009; Orner et al., 2017, Orner & Mihelcic, 2018; Verbyla et al., 2013).

Figure 6.10 Different potential locations for phosphate recovery in conventional municipal wastewater
treatment (Reprinted from Ye Y., Ngo H. H., Guo W., Liu Y., Li J., Li Y., Zhang X. and Jia H. Insight into
chemical phosphate recovery from municipal wastewater. Science of the Total Environment, 576, 159–171,
with permission from Elsevier).
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Thus, achieving optimum resource recovery with existing sanitation infrastructure will require rehabilitation
and upgrading of existing facilities and balancing several interrelated factors, such as:

(I) Nutrient removal or recovery efficiency,
(II) Energy requirements,
(III) Cost effectiveness,
(IV) Emissions, and
(V) Chemical consumption (e.g. magnesium used for struvite precipitation).

Land areas required to complete removal, recovery and purity of the final product(s) (e.g. presence of metals
or toxics) are also important considerations (Brands, 2014).

6.4.1.1.2 Alternative designs for recovery and reuse

This component advocates for continuous exploration and development of new ideas and concepts for the
optimization of RRR from sanitation system taking into account the principles of ReGenSan (see Section
2.4). Alternative designs are also referred to as ‘new sanitation’ by most scholars and indicate a new
paradigm for the collection, transportation, treatment and recovery of resources from sanitation systems
such as urine-deviated vacuum toilets, anaerobic digesters and struvite precipitation with the aim to
recover resources (i.e. water, nutrients, organic matter), increase efficiency, reduce energy costs and/or
offer solutions to sanitation management (Brands, 2014; Fan et al., 2017; Larsen et al., 2009;
Wielemaker et al., 2016). These technologies minimize transport and are, therefore, locally oriented
systems that may be described as resource recovery and reuse when in close proximity and the technical
design serves this purpose. Designs vary with local contexts, but often include source separation of
waste and wastewater streams, collecting organic kitchen waste, blackwater (urine and faeces),
greywater, (shower/bath, sink, laundry, dishwasher) and/or yellow-water (urine) separately (Fan et al.,
2017; Thibodeau et al., 2014; Wielemaker et al., 2016). In essence, alternative designs seek to provide
safely managed infrastructure that sanitizes urine and faeces, recovers nutrients for production and
prevents environmental pollution, which minimizes the demand on other resources (Fan et al., 2017;
Zhou et al., 2010).

Several alternative resource recovery concepts from sanitation have been proposed since the early 2000s,
such as EcoSan, resource-oriented sanitation, decentralized sanitation and reuse (DESAR) and source
separation and decentralization (SSD); SSD are the latest addition (Esrey, 2002; Brands, 2014; Grant
et al., 2012; Larsen et al., 2013; Lens et al., 2001 and Box 5.6 on new sanitation technology concepts).
The basic premise of SSD is that valuable resources in human excreta can be best recovered by keeping
waste streams separate and minimizing or eliminating the use of water as a waste transport vehicle
(Larsen et al., 2009). In so doing, industrial effluents and domestic excreta are not mixed and domestic
blackwater, kitchen waste and greywater are, to varying degrees, also stored and treated separately.
Nutrient cycles are closed and reconnected with agriculture, organic matter is recovered or processed
into energy and soil quality is maintained; there is no connection between waste or residue water and
surface water bodies, and most of the water entering human settlements is recycled/recharged (Figures
1.4 and 2.2) (Brands, 2014; Langergrabera & Muelleggera, 2005; Larsen et al., 2009; Wang et al., 2006;
Werner et al., 2009). SSD alternative designs have been expressed in many forms of technologies, as
presented below:

(1) Urine separating (Nomix) flush toiletUrine source separation (NoMix technology) has the potential
to become a cost-efficient (Maurer et al., 2005) and effective technology for nutrient recycling
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(Larsen et al., 2010). In this concept, yellow-water is collected with low or better still, no dilution
and can be used directly on farms. Brownwater is converted to small volumes by two-chamber
composting tanks with a filtration system, where each chamber is used for a year and left
without further charge the other year (Otterpohl, 2000). The concept of NoMix toilets is very
appealing to the general public, despite design-related drawbacks of existing NoMix toilets
(Lienert & Larsen, 2010). Larsen et al. (2010) observed that considerable development and
technical improvements are needed to make the NoMix technology viable and economically
attractive to users/customers. NoMix flush toilets are still mainly at pilot stages, although some
Swedish municipalities subsidize broader installation for environmental reasons (Kvarnström
et al., 2006; Larsen et al., 2009 – Figure 6.11). However, modern versions of the urine-faeces
separating toilets have been available since at least the 1970s (Winblad, 1994) and in China
nearly 700,000 of such toilets were in use by 2003, especially in the arid and water-deficient
areas (Kvarnström et al., 2006) (see Table 5.2).

The NOVAQUATIS project of EAWAG, the NoMix toilet is designed to work with the
sewered system, unlike other types that work with non-sewered facilities. In EAWAG’s NoMix
toilets, urine stored in-house is released into sewers at controlled times and then transported to
the wastewater treatment plant, where it can be diverted for separate treatment (Larsen et al.,
2001a, b). A urine-separating NoMix toilet saves 80% of the water used for toilet flushing,
accounting for 30% of the average western European’s direct daily use and 10% of the total
freshwater use in Switzerland. Since urine accounts for a large fraction of the wastewater
nutrient load, this approach can also reduce emissions from fertilizer production and halt the
contamination of agricultural soils by heavy metals found in raw materials used to produce
synthetic fertilizer (Larsen & Gujer, 1996; Larsen et al., 2001a, b – Figure 6.12).

Figure 6.11 Roediger NoMix toilet. Roediger Vacuum (www.roevac.com) (Reprinted from Larsen T. A., Alder
A. C., Eggen R. I., Maurer A. and Lienert J. Source separation: will we see a paradigm shift in wastewater
handling? Environmental Science & Technology, 43(16), 6121–6125, with permission from American
Chemical Society).
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(2) Vacuum source-separation is a thoroughly studied resource-oriented technology (Remy, 2010;
Todt, 2015; Zhang et al., 2014). It uses the vacuum system to separately collect and
transport toilet wastes (slurry), which are then transformed into biogas for household cooking
and organic fertilizers for nutrient utilization in rural communities’ farmlands (Fan et al.,
2017). Vacuum toilets are widely deployed on aeroplanes, ships and trains; and vacuum
sewer is also a common municipal wastewater collection technology, mostly adopted where
gravity sewers are inapplicable (Zeeman et al., 2007). Vacuum source separated sanitation
technologies have been tested in many locations around the world, especially in new
settlements such as Flintenbreite within the city of Lubeck (Baltic Sea, Germany) and
Hahuageng Settlement, Guli Town of Changshu, China (for illustration purposes see Fan
et al., 2017; Otterpohl, 2000).

The new settlement of Flintenbreite within the city of Lubeck is an area totalling 3.5 ha. and
inhabited by about 350 inhabitants. It is not connected to the central sewerage system, but
serviced by vacuum toilets and vacuum-transported to a biogas plant (Otterpohl, 2000) unit.
This system consists mainly of: (a) vacuum closet (VC) with collection and anaerobic
treatment and co-treatment of organic household waste in a semi-centralized biogas-plant,
recycling of digested anaerobic sludge to agriculture with further storage for growth periods,
(b) use of biogas in a heat and power generator (heat for houses and digester plus
electricity) in addition to natural gas, (c) decentralized treatment of greywater in vertical-flow
constructed wetlands with interval feeding (very energy efficient) and (d) rainwater retention
and infiltration in a swale system (Otterpohl, 2000). The heat for the settlement is produced
by a combined heat- and power-generating engine that switches to biogas when the storage
is filled; heat is also used for the biogas plant. In addition, there is a passive solar system to
support heating of the houses and an active solar system for warm water production.
Figure 6.13 is not meant to show all the features, but to give an idea of the concept with
collection and treatment of faeces.

Figure 6.12 Urine source separation technology (Reprinted from Larsen T. A., Peters I., Alder A. C., Eggen
R. I., Maurer M. and Muncke J. (2001). Re-engineering the toilet for sustainable wastewater management.
Environmental Science & Technology, May 1, 194A, with permission from American Chemical Society).
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In China, a rural sanitation unit using vacuum source-separation was built in 2011 at
Hahuageng Settlement, Guli Town of Changshu; it has been operating for the past six years
and has gained high recognition (Fan et al., 2017; Hu et al., 2016). The most outstanding
merit of vacuum source-separation is its use of minimal water to immediately transfer wastes
from living-places. Figure 6.14 illustrates Guli Town’s vacuum source-separation sanitation
technology, a resource recovery facility that serves 200 residents in 50 households. The
system is made up of four major compartments: collection, treatment, disposal and resource
recovery process. The collection section covers the facilities and processes of treatment and
reclamation. The disposal and resource recovery process section cover all the processes after
treatment, including recovery, reuse and disposal (Fan et al., 2017).

(3) Decentralized circular system is a conceptual redesigning and transformation of the centralized
sanitation system to localize decentralized sanitation treatment and nutrient recycling as well as
integrate source-separation and urine-diverting-low-water toilets. An example is a small scale
biogas plant that treats faeces or blackwater, biowaste, energy crops and plant residues proposed
by Särkilahti et al. (2017) for the city of Tampre, Finland, with its population of 226,000
(Figure 6.15). In this concept, blackwater from toilets is collected separately from other domestic
wastewater and the low-water (dry or vacuum) toilets enable concentrations of blackwater to
ensure direct treatment in an anaerobic digester. Urine is diverted from blackwater using a
urine-diverting toilet. Nutrients recovered from urine and anaerobic digestion feedstock are used
in local scenery fields to cultivate energy crops (such as corn or sugar cane) and/or in nearby
greenhouse cultivation. After upgrading, biogas can be used locally as in household gas cookers,
vehicle fuel, or injected into a gas grid. Greywater is treated either on site or directed to
centralized treatment; it can also be reused, e.g. in greenhouse irrigation or as flush-water, if it
fulfils quality criteria (Särkilahti et al., 2017).

Figure 6.13 Flintenbreite vacuum toilet and vacuum-transport to a biogas plant located in the central
technical building (Source: Otterpohl, 2000).
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Figure 6.15 Decentralized circular system. Note: The transition from a conventional sanitation system to a
decentralized circular system, which consists of source-separating toilets; a small-scale AD plant to treat
local waste streams; and local utilization of end products (Reprinted from Särkilahti M., Kinnunen V.,
Kettunen R., Jokinen A. and Rintala J. (2017). Replacing centralised waste and sanitation infrastructure
with local treatment and nutrient recycling: expert opinions in the context of urban planning. Technological
Forecasting & Social Change, 118, 195–204, with permission from Elsevier).

Figure 6.14 Guli Town vacuum source-separation sanitation technology. Note: Greywater drains together
with rainwater, or is treated or reclaimed; other wastes are sorted and collected, and then treated or
disposed of (Reprinted from Fan B., Hu M., Wang H., Xu M., Qu B. and Zhu S. (2017). Get in sanitation 2.0
by opportunity of rural China: scheme, simulating application and life cycle assessment. Journal of Cleaner
Production, 147, 86–95, with permission from Elsevier).
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(4) Up-concentration for zero-wastewater Verstraete and Vlaeminck (2011) proposed a zero-
wastewater concept with the up-concentration process, followed by organic anaerobic digestion
to achieve maximum energy recovery in domestic used water (Gong et al., 2017). This approach
aims to recycle energy and valuable materials, while adequately abating pathogens, heavy metals
and trace organics. It is designed to ensure that potential energy present in wastewater is
captured for reuse and requires less treatment, thus making wastewater treatment a net energy
producer (McCarty et al., 2011; Mezohegyi et al., 2012). Therefore, the overall goal is to
convert the wasteful linear urban wastewater chain into a smaller, local scale in which the
resources present in wastewater are short-cycled (Cardoen, 2011; Wett et al., 2007). Thus
wastewater is made into a valuable resource to society by linking sanitation to food production,
a connection that existed long before the advent of waterborne sanitation risks (Cordell, 2010,
2011; Gumbo, 2005; Verstraete & Vlaeminck, 2011).

Up-concentration is a process layout that enables maximal recovery of water, energy and inorganic
and organic fertilizers from domestic discharges. The domestic ‘used water’ is initially pre-treated by
mechanical means (screening, grit removal, microstrainer) to remove large particles and sand. To
up-concentrate the water, dynamic sand filtration (DSF), dissolved air flotation (DAF), membrane
filtration, biological sorption or a combination thereof produce an effluent with low levels of
suspended and colloidal solids. Simultaneously, removal of soluble organic matter by appropriate
usage of poly-electrolytes during DSF or DAF could be necessary. The key point is that quality of
the effluent must be suitable for ultrafiltration/reverse osmosis (UF/RO). Thus, freshwater can be
recovered as a first product (Verstraete et al., 2009). The generated high-strength concentrated
stream of valuable resources of residual biosolids is further treated by the anaerobic digestion (AD)
process, which converts organic compounds to biogas, a mixture of methane, carbon-dioxide (CO2)
and some trace gases such as ammonia and hydrogen sulphide following the enzymes-mediated
process of hydrolysis, acidogenesis, acetogenesis and methanogenesis, particularly good for
pathogen removal (Appels et al., 2008; Sonakya et al., 2001; Verstraete, 2011 – Figure 6.16).

Figure 6.16 Subsequent steps in the anaerobic digestion process (Reprinted from Appels L., Baeyens J.,
Degreve J., and Dewil R. (2008). Principles and potential of the anaerobic digestion of waste-activated
sludge. Progress in Energy and Combustion Science, 34, 755–781, with permission from Elsevier).

Resource system 233

Downloaded from http://iwa.silverchair.com/ebooks/book/chapter-pdf/869430/9781780409689_0209.pdf
by guest
on 22 May 2023



The biogas after purification is combusted in a combined heat and power generation (CHP) unit
to produce electricity at a typical efficiency of 30–40% and heat, which can be used to warm
the anaerobic reactor and for post-treatment of the anaerobic effluent such as sludge drying
(Verstraete et al., 2009). The CO2 produced in the combustion could ultimately even be used to
culture algae in closed photo-bioreactors, which could also serve as a co-substrate in the AD
(Zamalloa et al., 2011).

Furthermore, the anaerobic effluent can be lime conditioned to precipitate P and subsequently
dewatered by a filter press or centrifuge. This process produces a cake that is then pyrolyzed to
produce biochar (Verstraete et al., 2009). The ammonium-rich liquor stream created during
dewatering can either be physico-chemically treated to recover the nitrified ammonium that has
been up-concentrated by RO and turned into natural stable fertilizers (Cardoen, 2011 – Figure 6.17).

(5) Nature-based recovery and reuse proposes continuous replacement (through its own functional
processes) of energy and materials. The energy is produced by solar and internally generated by
its own processes such as AD, while materials are replaced by cycling and reuse (Lyle, 1994)
(see Sections 1.4, 2.3.2, 4.2.1.3, and 5.4.1.3.1). This concept incorporates nature’s multiple
targets into the sanitation system, such as water saving, water use maximization, rainwater
retention, the most complete reuse possible of all involved substances, crop production
maximization, the reduction of non-renewable energy usage and mitigation of urban heat island
effects (Masi et al., 2017) (see Section 5.4.1.3.2). For instance, the significance of nature-based
resource recovery and reuse is highlighted in the use of an integrated sewage treatment

Figure 6.17 Process scheme based on up-concentration of wastewater at a centralised plant, thus allowing
maximal recovery of resources from domestic wastewater (Reprinted from Verstraete W., Van de Caveye
P. and Diamantis V. (2009). Maximum use of resources present in domestic ‘used water’. Bioresource
Technology, 100, 5537–5545, with permission from Elsevier.)
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aquaculture-wetland ecosystem (AWE) for food production and inorganic nitrogen recycling at
the Lyle Centre for Regenerative Studies, located on 16 acres (6.5 ha.) and accommodating more
than 1600 community members within the university campus of Pomona, California, USA
(Figure 6.18).

Thus, the problem of sewage was converted into a community asset, serving the deprived people of a
problematic neighborhood at a cost considerably less than that of treating the sewage (Costa-Pierce,
1998; Lyle, 1994). The Lyle Centre for Regenerative Studies’ aquaculture-wetland ecosystem (AWE) is
unique and this Pomona tertiary treatment plant produced approximately 12.8 million gallons per
day (MGD) (48,453 m3/d) of wastewater. It sold 7.2 MGD (28,391 m3/d) and discharged 5.6 MGD
(21,198 m3/d) out of it to local waterways. The AWE used approximately 28 m3 per week of Pomona’s
wastewater (Costa-Pierce, 1998). Thus, nature-based recovery and reuse systems do not only provide
solutions for some major sanitation management issues, but also contribute to regulating the local

Figure 6.18 Lyle Centre for Regenerative Studies aquaculture-wetland ecosystem (AWE). Note:
12.75MGD= 48,264 m3/d; 7.167 MGD= 27,130 m3/d; 5.583 MGD= 21,134 m3/d; (Reprinted from
Costa-Pierce B. A. (1998). Preliminary investigation of an integrated aquaculture–wetland ecosystem using
tertiary-treated municipal wastewater in Los Angeles County, California. Ecological Engineering, 10, 341–
354, with permission from Elsevier).
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climate, preventing floods, providing interesting recreational space and facilities, increasing biodiversity
and providing nutrients for crop production (Masi et al., 2017). Therefore, redesign and realignment of
constructed wetlands technological systems should begin to focus on the following new goals as stated
by Masi et al. (2017):

(I) Water reuse: (a) greywater treatment (outdoor, indoor) for local reuse and recreational purposes,
possibly as only liquid treatment, while excreta are collected and processed separately (Masi
et al., 2010, 2016); (b) rainwater (including first flush) treatment and storage (Nolde, 2007);
(c) treating persistent organic molecules in low concentrations for water reuse (Matamoros
et al., 2017; Verlicchi & Zambello, 2014); (d) reducing pathogens to acceptable levels as part
of a multi-barrier approach; and (e) polishing of secondary treated wastewaters, as long as
these still exist, for reuse (Ayaz, 2008; Rousseau et al., 2008).

(II) Nutrient recovery: (a) CWs as pre-treatment for fertilization (disease vector and hazardous
substance reduction, separation of liquid and solid phase); and (b) biomass production from
secondary sludge (as long as such sludge is still produced), digestate or primary sludge.

(III) Energy production: (a) anaerobic reactor (biogas)+ CW as polishing stage; (b) CWs as biomass
production plots; and (c) greywater collection and heat recovery+ CW for greywater treatment.

(IV) Ecosystem services: (a) multipurpose CWs for rainwater storage, recreation and wetland
ecosystems following the sustainable urban drainage concepts (Fletcher et al., 2015); and (b)
re-adaptation of ornamental green areas in terms of ecosystem services (green roofs, green
walls, indoor green areas, parks, permaculture productive areas) comprising organic food
production in integrated habitats.

These options are open for improvement, while other more innovative, practical, place- and context-specific
solutions should be investigated/explored.

6.4.1.1.3 Demand based-designs (DBD)

DBDs ensure that the sanitation products and services respond to what users/customers want rather than
what sanitary engineers and scientists believe they should have (WSP, 2004). The aim is to link
technology development with sanitation marketing as a strategy to uptake ReS integration into sanitation
for ease of user buy-in. Sanitation marketing is targeted at users/customers so as to create sustained
and effective demand for sanitation products and services (WSP, 2011b). Research has shown that lack
of DBD is responsible for the high numbers of abandoned, unused and unimproved sanitation
infrastructures; coupled with low levels of customer satisfaction with current solutions as well as
unsustainable inefficient public and private investments required to promote the sanitation market for
current innovative technologies (WSP, 2011a).

Borsuk et al. (2008) observed that while conceptualizing may be simple, the NoMiX (modern urine
separating flush toilets) technology concept (see Box 5.6) has proven significantly more difficult to
implement (Berndtsson, 2006) because successful adoption depends not only on the priorities of users,
but also on those of developers and suppliers in the IFSVC (see Section 6.2.1). Surveys have shown
household users to be receptive to the NoMiX concept as long as it does not deviate from the current
standards of bathroom convenience and hygiene and no additional costs are incurred (Borsuk et al.,
2008; Lienert & Larsen, 2006; Pahl-Wostl et al., 2003). As a result, while toilet manufacturers believe
they can develop NoMiX units that meet these requirements, they do not see an immediate market for
such product (Larsen & Lienert, 2003) (see Section 6.4.1.2i). It is essential that designers incorporate
users’/customers’ preferences so that solutions are satisfactory and usable, as well as seeking input from
potential consumers about which products they would like to pay for. Also, when developing prototypes,
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designers should consult manufacturers to understand what the cost of the technology is and how it will be
made, transported and installed (Chapin & Pedi, 2013). This information must be communicated to
the users/customers so they can make an informed decision about whether the product will work in
their homes.

A viable and sustainable DBD relies on an IFSVC that stretches from raw materials to manufacturing
and distribution. Market research is a critical first step in understanding the landscape for the
users’/customers’ preferences and what they are willing to pay (Sievers & Kelly 2016). The objectives
of DBD include ensuring:

(I) Users/customers choose to receive what they want and are willing to pay for;
(II) Financial sustainability by assuring return on technological investment;
(III) Cost-effectiveness and ease of scale-up of technological innovation; and
(IV) Technological designs address users’/customers’ psycho-social-cultural issues (see Section

4.2.1.1).

Hence, ensuring effective demands for new generation resource-oriented sanitation technologies will
require more exploration and comprehension of customers interested in resources recovered (SDPs)
(Larsen & Lienert, 2003).

6.4.1.1.4 Health and safety

A fundamental function of all sanitation infrastructural technological solutions is to prevent human
contact with hazardous pathogens and chemicals, even when the main aim is recovery and reuse. The
use of SDPs poses possible risks of transmission of microbial and non-microbial contaminants to grazing
cattle, vectors, surface and groundwater and through standing crops to humans (Höglund et al., 1999;
Stenström et al., 2011). Thus, a well-designed recoverable and reusable infrastructure should not only
protect health, but also promote it by contributing to food security (Andersson et al., 2016a, b). For a
long time, pathogens (disease-causing micro-organisms), organic pollutants and some heavy metals have
been well-known as major constraints when using SDPs (Winker et al., 2009). Heavy metal
concentrations are low in all products of domestic origins as long as no industrial wastewater is included,
although it may not be the case with municipal wastewater treatment plants that receive industrial
wastewater (Simons et al., 2005). Vinnerås et al. (2006) observed that the use of heavy metal in
households can result in a large impact on sanitation-derived fertilizers (SDFs) (Winker et al., 2009).

All SDPs can contain organic micropollutants such as pharmaceuticals used for human medication and
substances originating from cleansing agents, personal care products etc. in their original sanitation waste
stream (Eriksson et al., 2003; Lienert et al., 2007; Polprasert & Koottatep, 2017; Ronteltap et al., 2007;
Tettenborn et al., 2007). Therefore, appropriate treatment is required in order to eliminate these
unwanted and potentially harmful substances before the product can be used (Gajurel, 2007; Maurer
et al., 2006; Polprasert & Koottatep, 2017; Tettenborn et al., 2007; Winker et al., 2009). According to
Morsing (1994), there are four approaches to minimize the risk for contamination through the use of
SDFs: (i) reduction of pathogens, (ii) reduction of vector attraction (rats, flies, etc.), (iii) soil treatment
and (iv) restrictions on cultivation methods and crops. The use of SDFs may consequently reduce the
risks of pathogen exposure, if treatment and other barriers against exposure are accounted for in
the process of resource recovery and reuse (Höglund et al., 1999). This should, then, be aimed at from
the conceptualization stage of design.

The four major groups of micro-organisms that can transmit infectious diseases from sanitation systems
are: bacteria, protozoa, viruses, helminths (worms that infect humans) and fungi (Dixon & Fromtling, 1991;
Feachem et al., 1983; Haug, 1993; Höglund, 2001). These pathogens are divided into six categories
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depending on their infectious dose, transmission route (e.g. the need for an intermediate host), latency,
persistence and multiplication (Cairncross & Feachem, 1993; Feachem et al., 1983; Höglund, 2001); and
infect the gastrointestinal tract, causing diarrhoea and many other clinical manifestations with severe
signs and symptoms (Feachem et al., 1983; Havelaar et al., 2000; WCED, 1987). These intestinal
micro-organisms, particularly those of the coliform group (Walker et al., 1982), are used as indicator
organisms of faecal contamination and possible risks related to water (WHO, 2017). They are, however,
not suitable as sole indicators of the hygienic quality of SDPs since other groups of microorganisms are
considered more resistant (Cooper & Olivieri, 1998; Höglund, 2001).

Meanwhile, transmission of infections can either be direct, through means of person-to-person contact
including airborne short-distance; or indirect (secondary), which includes vehicle-borne (food, water,
formites), vector-borne, airborne long-distance and parenteral (injections with contaminated syringes)
transmissions (Beaglehole et al., 1993; Höglund, 2001). The secondary transmission routes for
pathogens emanating from faeces and urine are illustrated in Figure 6.19.

These routes can largely be defined as faecal-oral (or urine-oral), i.e. pathogens are excreted in
faeces (or urine) and infect another person by ingestion or contaminate other articles and
environmental media. The pathogens may be transmitted via hands or through food or water and
other fluids (Höglund, 2001; Reed & Scott, 2014 – Figure 6.20). Exposure to microbial hazards can

Figure 6.19 Secondary transmission routes for pathogens originating from human urine and faeces
(Source: Höglund, 2001).
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Figure 6.20 Faecal-oral route of disease transmission from contaminated sanitation-derived products
(Reprinted from Reed B. and Scott R. (2014). Preventing the Transmission of Faecal-Oral Diseases, 1–8,
with permission from Practical Action Publishing for WEDC).
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happen at different points in the sanitation system. It may occur during normal operations, e.g. due to
improper use and operation, lack of maintenance); during partial or full system failure (e.g. power
failure, equipment breakdown, faulty infrastructure, system overloading); or seasonally due to
climatic factors (e.g. flooding). The population at risk usually includes users, sanitation workers
responsible for operation and maintenance of the system, population living nearby, farmworkers
using recovered resources (e.g. sludge and water) and people consuming agricultural products grown
with recovered resources (Andersson et al., 2016a, b).

Human urine does not usually contain pathogens and industrial chemical contaminants that may
hamper their reuse potential, but it should be treated to reduce human pathogens to a safe level (Jönsson
et al., 2004; Schönning & Stenström, 2004). Pathogens traditionally known to be excreted in urine are
Leptospira interrogans, Salmonella typhi, Salmonella paratyphi and Schistosoma haematobium
(Feachem et al., 1983; Schönning & Stenström, 2004). The main risk, though, is contamination of urine
by some faecal matter and so it is important to avoid cross-contamination (Höglund et al., 2002;
Schönning et al., 2002). Some health-based targets for nutrient recovery from urine based on storage
time and temperature have been proposed (Jönsson et al., 2000; Höglund, 2001; Schönning &
Stenström, 2004; WHO, 2006b), Table 6.4.

Health-based targets, defined as that level of health protection that is relevant for each hazard, are
often measured as a standard metric of disease, such as ‘disability adjusted life year’ or DALY (i.e. 10−6

DALY), or they could be based on an appropriate health outcome, such as prevention of exposure to
pathogens in urine. To achieve a health-based target, health protection measures are developed (WHO,
2006b). During storage, the urine should be contained in a sealed tank or container. This prevents
humans and animals coming into contact with the urine and hinders evaporation of ammonia, thus
decreasing the risk of odour and loss of plant-available nitrogen (Schönning & Stenström, 2004).

Table 6.4 Recommended Storage Times for Urine Mixturea Based on Estimated Pathogen Contentb and
Recommended Crop for Larger Systemsc (WHO, 2006a).

Storage
Temperature

Storage
Time

Possible Pathogens
in the Urine Mixture
after Storage

Recommended Crops

4°C ≥1 month Viruses, protozoa Food and folder crops that are to be processed

4°C ≥6 months Viruses Food and folder crops that are to be processed
folder cropsd

20°C ≥1 month Viruses Food and folder crops that are to be processed
folder cropsd

20°C ≥6 months Probably none All cropse

aUrine or urine and water. When diluted, it is assumed that the urine mixture has at least pH 8.8 and a nitrogen concentration
of at least 1 g/l.
bGram-positive bacteria and spore-forming bacteria are not included in the underlying risk assessments, but are not
normally recognized as causing any of the infections of concern.
cA larger system in this case is a systemwhere the urinemixture is used to fertilize crops that will be consumed by individuals
other than members of the household from which the urine was collected.
dNot grasslands for production of fodder.
eFor food crops that are consumed raw, it is recommended that the urine be applied at least onemonth before harvesting and
that it be incorporated into the ground if the edible parts grow above the soil surface.
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Meanwhile, faeces are the major source of transmission for most prevalent enteric infections by bacteria,
viruses, parasitic protozoa and helminths. Bacterial infections have traditionally been considered the leading
group of organisms causing gastrointestinal illness in developing countries and are often transmitted through
the faecal-oral route (Figure 6.20), while viruses are considered to cause the majority of gastrointestinal
infections in developed countries (Reed & Scott, 2014; Schönning & Stenström, 2004; Svensson, 2000).
Therefore, health risks may be enhanced due to improper handling, treatment and use of excreta and
urine (Jönsson et al., 2004; Schönning & Stenström, 2004). Higher incidences of enteric infections have
been recorded in epidemiological investigations in areas where wastewater was used on crops (Bouhoum
& Amahmid, 2000; Cifuentes, 1998; Katzenelson et al., 1976); while in some studies no risk of infection
was recorded (Devaux et al., 2000; Ward et al., 1989). Foodborne outbreaks caused by wastewater
irrigation of vegetables and fruits have also been documented (Höglund, 2001; Yates & Gerba, 1998).
Health-based targets for the use of excreta-fertilizer products (EFP) can be achieved through different
treatment barriers or health promotion measures. Barriers relate to verification monitoring mainly in
large-scale systems (Table 6.5) for excreta and greywater, but do not apply to urine.

Health-based targets may also relate to operational monitoring, such as storage as an on-site treatment
measure or further treatment off site after collection. This is exemplified in faeces collection from small-
scale systems (Table 6.6).

Hence, increased materials recovery and reuse from sanitation systems requires strengthened
approaches that identify and manage health risks and safety issues (WHO, 2016). In addition, special
attention should be given to issues of environmental health by ensuring full compliance with safety and
public health protection, critical control points and mitigation measures (Otoo & Drechsel, 2017). Public
health policies for interventions should ensure that the most cost-effective measures are applied in
specific contexts. Measures from a range of categories may be applied at different points during the
lifecycle, and they are normally used in combination to reach desired goals:

(I) Treatment of wastewater, excreta and greywater should prevent the contaminants from entering
the environment;

(II) Crops and produce should be processed or cooked before they are eaten in order to minimize
health risks to product consumers;

Table 6.5 Guideline Values for Verification Monitoring in Large-Scale Treatment Systems of Greywater,
Excreta and Faecal Sludge foe Use in Agriculture (WHO, 2006a).

Helminth Eggs (Number per
Gram Total Solids or per Litre)

E.coli (Number per 100 ml)

Treated faeces and faecal
sludge

,1/g total soilds ,1000 g/total solids

Greywater for use in:
Restricted irrigation

,1/litre ,105a

Relaxed to ,106 when exposure
is limited or regrowth is likely ,103

Unrestricted irrigation of
crops eaten raw

Relaxed to,104 for high-growing leaf
crops or drip irrigation

aThese values are acceptable due to the regrowth potential of E.coli and other faecal coliforms in greywater.
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(III) Waste application techniques should aim to reduce contamination of the products by allowing
sufficient time for pathogen die-off in the environment prior to harvest;

(IV) Protective equipment and good hygiene should be implemented to prevent environmental
contamination from reaching exposed groups;

(V) Produce washing/rinsing/disinfection and cooking should be implemented to reduce exposures
for product consumers;

(VI) Vector control should be implemented to reduce exposures of workers and local communities;
and

(VII) Immunization should be used to prevent illness for likely exposed persons and treat those
who are ill as well as reduce future pathogen input into the wastewater, excreta or greywater
(WHO, 2006a).

6.4.1.2 Sanitation service chain raw materials (SSC-RaMs)
SSC-RaMs is another ReS dimension that identifies sanitation input materials as resources such as faeces,
urine, flushwater, greywater, anal cleansing water, sludge (faecal and sewage) and other materials for
SDPs’ production. Some of the SSC-RaMs are generated directly (e.g. urine and faeces), others are
required in the functioning of technologies (e.g. flushwater to move excreta in water-based sanitation
systems), some are generated as a function of storage (faecal sludge) or treatment (sewage sludge), some
are generated from washing food, clothes and dishware as well as from bathing (greywater) and some are
generated from cleaning oneself after defecating and/or urinating; that is, water and other dry materials
such as papers, leaves etc. (anal cleansing water and dry materials). Faecal sludge comes from
non-sewered sanitation technologies, which means it has not been transported through sewers, while
sewage sludge (wastewater sludge) originates from sewer-based technologies and semi centralized
treatment processes (Tilley et al., 2014b).

SSC-RaMs require a holistic management approach aimed at pollution control, RRR and water
conservation (Maurya, 2012). Human excreta consisting of urine and faeces not mixed with any flush

Table 6.6 Recommendations for Storage Treatment of Dry Excreta and Faecal Sludge before Use at the
Household and Municipal Levelsa (WHO, 2006a).

Treatment Criteria Comments

Storage: ambient
temperature 2–20°C

2–5 years Will eliminate bacterial pathogens; regrowth of E.coli and
salmonella may need to be considered if rewetted; will reduce
viruses and parasitic protozoa below risk levels. Some
soil-borne ova may persist in low numbers.

Storage: ambient
temperature .20–35°C

.1 year Substantial to total inactivation of viruses, bacterial and
protozoa; inactivation of schistosome eggs (,1 month);
inactivation of nematode (roundworm) eggs, e.g. hookworm
(Ancylostoma Necator) and whipworm (Trichuris); survival of a
certain percentage (10–30%) of Ascaris eggs (≥4 months),
whereas a more or less complete inactivation of Ascaris eggs
will occur within 1 year.

Alkaline treatment pH .9 over .6
months

If temperature .35°C and moisture ,25%, lower pH and/or
wetter material will prolong the time for absolute elimination.

aNo addition of new material.
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water is small in volume, but concentrated in both nutrients and pathogens (Tilley et al., 2014b). Everyday a
huge amount of human excreta is produced by humans (Maurya, 2012) and the average weight produced
daily varies greatly. Literature indicates that the amount of faeces produced at minimum is 69
g/capita/day in China (Snell, 1943) and the highest up to 520 g/capita/day in Kenya (Pieper, 1987).
Table 6.7 indicates that generally, developed countries produce less faeces in comparison to developing
countries. Similarly, generation of urine also varied from 600 to 1500 mL/capita/day (Maurya, 2012).
Thus, the amount of human excreta produced varies from country to country and the variations may be
attributed to different dietary habits due to economical and climate conditions of the region. Below are
the types and characterizations of SSC-RaMs:

(a) Faeces consist of a solid material that leaves the body through the anus usually defined as excrement
discharged from the intestine. Faeces consist of undigested foods, mixed with materials extracted
from the bloodstream or shed from glands and the intestines (Niwagaba, 2007). Faeces contain
mainly water, food residues, nutrients and about 15–30% dry solids. They also contain large
concentrations of pathogenic micro-organisms such as viruses, cysts of protozoa and eggs of
helminths (Feachem et al., 1983). Carbon is the main constituent in dry solids of faeces and
contributes the major fraction of solids (≈44–55%), followed by nitrogen (≈5–7%), phosphorous
(≈3–5.4% as P2O5) and potash (≈1–2.5% as K2O) (Gijzen, 2001; Maurya, 2012; Polprasert,
1996; Polprasert & Koottatep, 2017 – Figure 6.9).

Also, faeces contain fewer nutrients than urine. However, the humus produced from faeces
contains significant concentrations of phosphorus and potassium. Thus, the application of humus
produced from faeces in agricultural fields may increase the fraction of the organic carbon in
soils. More organic matter in soils is especially important to improve the soil structure and

Table 6.7 Human Excreta Generation in Different Countries (Maurya, 2012).

Country Human Excreta per Capita per Day References

Faeces (g) Urine (mL)

Africa 400 1200 Mann (1976)

USA 86 1055 Snell (1943)

China 69 845 Snell (1943)

350 – Gao et al. (2002)

Europe and America 100–200 1200 Feachem et al. (1983)

100–200 – Edwards (1992)

Developing countries 130–520 – Edwards (1992)

Vietnam 1370 g (faeces+ urine) Nimpuno (1983)

130–140 820–1200 Polprasert et al. (1981)

Thailand 1000 g (faeces+ urine) Stoll and Parameswaran (1996)

120–400 600–1200 Schouw et al. (2002)

Japan and China 116–200 – Polprasert et al. (1981)

Denmark 1700 g (faeces+ urine) Hansen and Tjell (1979)

Sweden 140 1500 Vinnerås et al. (2006)

Kenya 520 Pieper (1987)
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makes the soil more resistant to erosion, drought and salinity (Engel et al., 2001; Heinonen-Tanski
& vanWijk-Sijbesma, 2005; Maurya, 2012; Smith et al., 2001). In addition, biogas (methane) could
also be produced from anaerobic degradation of human excreta (Rahman et al., 1996). Faeces also
contain other elements such as calcium, magnesium, zinc, copper, nickel, cadmium, lead, mercury
and barium (Maurya, 2012; Schouw et al., 2002). However, before applying faeces-based products
as soil conditioners and fertilizers, complete destruction of pathogens is necessary (Maurya, 2012).

(b) Urine is a liquid waste product of the human body secreted by the kidneys through a process of
filtration from the blood called urination and excreted through the urethra. As urine is produced
after filtration of the blood in the kidneys, it contains low-molecular-weight compounds as
proteins that are not filtered (Karak & Bhattacharyya, 2011). It is relatively much less infectious
than faeces, but also contains some of the major valuable resources available in human excreta
(Niwagaba, 2007) (about 90% nitrogen, 50–65% phosphorus and 50–80% potassium)
(Heinonen-Tanski & van Wijk-Sijbesma, 2005; Maurya, 2012). The amount of plant nutrients
excreted via urine per person/per year has been estimated at 2.5–4.3 kg nitrogen, 0.4–1.0 kg
phosphorus and 0.9–1.0 kg potassium (Guyton, 1992; Vinnerås et al., 2006). The concentration
of heavy metals in human urine is negligible (Palmquist & Jönsson, 2004). All plant nutrients
consumed are excreted over time, mainly via urine and faeces (Guyton, 1992).

Also, a range of pollutants can occur in urine, including pharmaceutical compounds, natural and
artificial hormones and pathogens (Pronk & Kone, 2008). However, since most nutrients in
sanitation materials come from urine, with about 80% N and 50% P (Larsen & Gujer, 1996),
with P being a depletable raw material, its recovery and reuse contributes to environmental
sustainability. N is not a depletable raw material, but it is present in urine in the form of
ammonia or urea, which is a valuable material for use as fertilizer (Maurer et al., 2003).
Recovered urine products could then replace chemical fertilizers (which requires high energy
and auxiliary materials) as inherent nutrients in urine reflect the components necessary for plant
growth, thereby making these products suitable as sanitation-derived fertilizers (SDFs) in
agricultural application (Heinonen-Tanski & van Wijk-Sijbesma, 2005; Kirchmann &
Pettersson, 1995).

(c) Flushwater is the water discharged through the user interface from toilets for transporting the
contents and/or clean water. It can be freshwater, rainwater, recycled greywater or any
combination of the three (Tilley et al., 2014b). Toilet flushing is the single highest use of water
in the average home, so it also presents a prime opportunity for water conservation. With the
average person flushing five times a day, toilets make up about 31% of overall household water
consumption. Toilets made from the early 1980s to 1992 typically use about 13.2 litres per flush
(lpf) or more, while toilets made prior to 1980 typically use 18.9 lpf to 26.5 lpf; the oldest toilets
can use more than 30 lpf. New high-efficiency toilets (HETs) use five lpf, and a family of four
will use approximately 34 m3 per year in total toilet water use (AWF, 2017).

(d) Greywater is a voluminous stream characterized by lower concentrations (or even absence) of some
components in comparison with blackwater (Kujawa-Roeleveld & Zeeman, 2006). It includes
wastewater from baths, showers, hand basins, washing machines and dishwashers, laundries and
kitchen sinks (Jefferson et al., 2004). The most commonly described application for greywater
reuse is toilet/urinal flushing, which reduces water demand within dwellings by up to 30%
(Karpiscak et al., 1990). Untreated greywater, although less contaminated than other wastewater
sources, does contain pathogens, salts, solid particles, fats, oils and chemicals (Morel & Diener,
2006). However, greywater has been considered for many other applications including irrigation
of lawns at cemeteries, golf courses and college campuses (Okun, 1997), vehicle washing, fire
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protection, boiler feed water, concrete production (Santala et al., 1998) and preservation of
wetlands (Jefferson et al., 2004; Otterpohl et al., 1999).

Water quality requirements for each application are geospecific, but normally include criteria
based on organic, solids and microbiological content of the water (Morel & Diener, 2006).
Greywater also contains a major fraction of heavy metals, but a minor proportion of nutrients.
The heavy metals in greywater originate from dust (wiped out during house-cleaning activities)
and chemicals used in the household (Cd in phosphorus-containing detergents and zinc in
anti-fungal shampoo). The nutrients in greywater are mainly inorganic, but K and P are used in
detergents and their concentrations will mainly reflect the usage rate of these products (Vinnera,
2002). (Blackwater or yellow-water may include menstrual blood in homes with post-puberty
females).

(e) Anal cleansing materials are often overlooked in the design of sanitation facilities (McMahon et al.,
2011; Zomerplaag & Mooijman, 2005). It may be water or dry materials used for cleaning oneself
after defecation and/or urinating. If it is water, the volume used per cleaning typically ranges from
0.5 L to 3 L; while solid materials used include paper, leaves, corncobs, rags or stones (commonly
used in rural areas) (Tilley et al., 2014b) and this could include menstrual hygiene products,
especially in homes that are predominantly female.

(f) Sludge (faecal and sewage) is a mixture of solids and liquids, containing mostly excreta and water,
in combination with sand, grit, metals, trash and/or various chemical compounds (Tilley et al.,
2014b). Faecal sludge comes from non-sewered sanitation technologies made up of variable
consistencies (Aalbers, 1999; Heinss et al., 1998) and can be raw or partially digested, a slurry
or semi-solid, and results from the collection and storage/treatment of excreta or blackwater,
with or without greywater. Sewage sludge originates from sewer-based wastewater treatment
collection and semi-centralized treatment processes (Strande et al., 2014; Tilley et al., 2014b).
Most existing treatment technologies for faecal and sewage sludge do not support treatment
processes aimed at resource recovery and reuse (Aalbers, 1999; Heinss et al., 1998).

6.4.1.3 Sanitation-derived products (SDPs)
SDPs are high on the development agenda because sustainability requires keeping resources in circulation
and making productive use of them at every stage (Andersson et al., 2016b; Otoo & Drechsel, 2017). A
prime example of SDPs is the SDN P, an essential plant nutrient also found in human by-products of
digestion, which is inefficiently managed as a vital sanitation resource. Only 20% of P mined for
production systems ends up in food consumed (Schroder et al., 2010). Much of the remainder is lost to
rivers and coastal waters, where it can cause eutrophication (Andersson et al., 2016b). SDPs ‘close the
loop’, turning linear sanitation resource management cyclical and thereby enriching the ‘sanitation
economy’. The two most important ‘loops’ are (i) linking sanitation with food production using nutrients
and organic matter; and (ii) linking wastewater not only to agriculture, but also ecosystem flows and a
variety of other human uses, including industrial purposes (Andersson et al., 2016b; Langergrabera &
Muelleggera, 2005; UN, 1992 – see Sections 1.4.2 and 1.4.5).

SDPs also take into account the possible linkages between sanitation and urban economic development
because sanitation materials contain natural and recyclable resources with high ecological and economic
value, and so processing units should be designed to operate as sustainable value chain businesses.
Integrating SDPs’ potential into the design of sanitation infrastructure can establish strong links to
economic development needs and agenda (Kone, 2007; Pronk & Kone, 2009). They close the loop in
sanitation systems to meet livelihood needs, provide food and energy security, generate economic
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benefits and protect public health and environmental quality as well as potentially attract investments
(Jewitt, 2011). These products are generated from SSC-RaMs and are different from the classical
sanitation processes focused on transport and treatment of a single waste stream. Enhancing SDPs will
mean designing sanitation infrastructure that addresses several parallel processes for the collection and
transformation of SSC-RaMs in proper form, with each carried out at different scales and stages and
managed by different operators within the IFSVC (Tilley, 2013).

The SSC infrastructural technologies should be designed to fit the intended purpose of the raw materials
collected and transformed. The specific characteristics of these raw materials present resource recovery
opportunities (see Section 6.4.2) (Andersson et al., 2016b; Langergrabera & Muelleggera, 2005), and as
these materials have inherent nutrients, energetic potential and water, they cannot be referred to as ‘waste’
but connote ‘resource’ and constitute the ‘input’ materials for transformation processes that generate
‘output’ products. For example, as shown in Figure 6.21, urine is an SSC-RaM from a urine-diverting
user interface needed for the production of struvite in a urine-based struvite reactor (Tilley, 2013).

SDPs generated from SSC-RaMs include but are not limited to:

(I) Used water reuse (Burn, 2014; Futran, 2013; Guest et al., 2009; Kone, 2007; Lahnsteiner &
Lempert, 2007; Mayer et al., 2016; Otoo & Drechsel, 2017; Pronk & Kone, 2009; United
Nations, 2009);

(II) SDFs, such as direct use of urine, struvite, hydroxyapatite, ammonium sulphate (Andersson et al.,
2016a, b; de-Bashan & Bashan, 2004; Guest et al., 2009; Mayer et al., 2016; SEI, 2006; Otoo &
Drechsel, 2017);

Figure 6.21 Treatment and utilization options for the separated streams of sanitation raw materials
(GTZ, 2002).
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(III) Bioenergy, such as biogas and hydrogen gas (Funamizu et al., 2001; Guest et al., 2009; Logan
et al., 2006; Mayer et al., 2016; Otoo & Drechsel, 2017);

(IV) Organic soil conditioners, such as compost manure (Andersson et al., 2016a, b; Otoo & Drechsel,
2017); and

(V) Other output products, such as protein feed, building materials, trace elements etc. (Andersson
et al., 2016a; Mihelcic et al., 2011; Munamati et al., 2016; Verbyla et al., 2013).

(a) Sanitation-derived fertilizers (SDFs) are organic plant fertilizers that originate from the SSC-RaMs
through the process of nutrient recovery like phosphorus, nitrogen and potassium from wastewater,
faecal and sewage sludge to produce organic fertilizers and soil conditioners. This recovery process
decreases their discharge to receiving waters, potential eutrophication and excess micro-biological
growth (Guest et al., 2009; Mayer et al., 2016). There have also been recent developments in struvite
harvesting (magnesium ammonium phosphate, MgNH4PO4.6H2O) from solids treatment processes
(de-Bashan & Bashan, 2004) as well as recovery of nutrients from source-separated urine (Andersson
et al., 2016a, b; Guest et al., 2009; SEI, 2006). Experience with full-scale wastewater treatment plants in
Japan shows the possibility of struvite recovery from wastewater (Mayer et al., 2016). Examples of
SDFs are described below:

(a1) Direct use of urine Urine is rich in plant nutrients and contains most of the nutrients present in
human food that were not used for new cell growth or energy consumption (Heinonen-Tanski et al.,
2007). Urine contributes 81% of the nitrogen and 50% of the phosphorus in purely domestic wastewater
(DWA, 2008; Larsen et al., 2009). Recent advances have focused more on recovering nitrogen and
phosphorus from urine as value-added products than on removal during treatment processes as nitrogen
gas via nitrification-denitrification processes (Larsen et al., 2009; Tarpeh et al., 2018; Wielemaker
et al., 2016).

In the presence of urease, the urea is quickly degraded to ammonium and carbon (Equation 6.1) and
the hydroxide ions produced normally increases the pH to 9–9.3. Normally urease accumulates within
the urine system and therefore this transformation is very swift; usually within hours (Jönsson et al.,
2000; Vinnerås et al., 1999) as shown in Equations 6.1 to 6.5.

urea water urease ammonium hydroxide carbonate

CO(NH2)2 + 3H2O � 2NH+
4 + OH− + HCO−

3 (6.1)
Autotrophic ammonia oxidation

2NH+
4 + 3O2 � NO−

2 + 2H2O+ 4H+ (6.2)
Autotrophic nitrite oxidation

2NO−
2 + O2 � 2NO−

3 (6.3)
Heterotrophic denitrification (see Equation 4.14)

4NO−
3 + 5CH2O+ 4H+ � 2N2 + 5CO2 + 7H2O (6.4)

Chemical phosphorus removal

PO3−
4 + Fe3+ � FePO4(s) (6.5)

SDPs recovered and reused from urine reduce both external input of virgin resources and output of waste
(Wielemaker et al., 2016). Several studies have shown that human urine has a high content of readily
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available SDNs (N, P & K) and fertilizing effects are reported to be similar to that of nitrogen-rich chemical
fertilizers (Heinonen-Tanski et al., 2007; Jönsson et al., 2004; Kirchmann & Pettersson, 1995; Pronk &
Kone, 2009; Richert Stintzing et al., 2002 – Figure 6.22). Urine has been used to cultivate several crops
and if the amounts of nutrients are correct, urine could totally replace commercial fertilizers, as equal
cereal yields are obtained with urine as with ‘normal’ fertilizer methods (Figure 6.22) (Heinonen-Tanski
et al., 2007; Richert Stintzing et al., 2002).

Storage of urine is a crucial part of the cycle before its application to agricultural fields. Losses of nitrogen
during storage can be minimized by reducing temperature and avoiding aeration above the liquid surface in
storage tanks. High temperature, pH and nutrients concentration as well as long storage periods are
favourable for hygiene reasons (Höglund et al., 1998). For unrestricted use with respect to pathogens
Vinnerås et al. (2008) and Karak and Bhattacharyya (2011) recommended that the storage period for
human urine be six months at 2°C or higher.

The goals and requirement of urine collection and treatment can be summarized as follows:

(I) Recovery of nutrients,
(II) Removal of micropollutants,
(III) Increase the concentration of nutrients,
(IV) Prevent ammonia volatilization during storage and fertilizer application,
(V) Hygienisation, and
(VI) Economic viability/market-driven implementation (Pronk & Kone, 2009).

(a2) Ammonium sulphate recovery Urine is an ideal wastewater component for N removal and recovery
because it is only 1% of wastewater volume but contributes to 80% of wastewater N (Moerman, 2012;
Tarpeh et al., 2018). N is currently recovered with P beyond that recovered in biosolids as struvite
(Mayer et al., 2016). One main approach for N recovery is ammonia (NH4), which could easily be
removed from the liquid phase of urine through air stripling (Basakcilardan-Kabakci et al., 2007) and
subsequently be absorbed in sulphuric acid (H2SO4) to form ammonium sulphate, a liquid fertilizer

Figure 6.22 New business: urine collection service for reuse, Burkina Faso. Photo: Linus Dagerskog
(Andersson et al., 2016a).
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(Karak & Bhattacharyya, 2011), as shown in Equations 6.6.

H2SO4 + 2NH3 � (NH4)2SO4 � (6.6)
(a3) Phosphate recovery P from municipal wastewater has been widely used due to its high stability

(Moerman et al., 2009; Simavi, 2015; Verstraete et al., 2009). Beyond land applications of sewage
sludge (SS) and faecal sludge (FS) or other organic soil amendments, P recovery can be achieved
through separation of P from the liquid and sludge phase by relying on precipitation/crystallization to
recover P minerals that can be used by the fertilizer industry (Mayer et al., 2016). The current
technologies of chemical phosphate recovery from municipal wastewater are summarized in Table 6.8.

However, P recovery in conventional sanitation technological infrastructure is limited by the design of
existing treatment systems since additional steps are required beyond nutrient removal. The focus has
been on nutrient control measures over several decades even though processes exist for nutrient recovery
and reuse at all stages in sanitation management and technological solutions (Brands, 2014). Figure 6.23
illustrates how struvite precipitation processes (using a struvite crystallizer reactor (SCR)) operate (Bird,
2015; Hanzen & Sawyer, 2010).

SCRs operate in reverse gravitational flows by pumping reject waters from anaerobic digesters and
solids-dewatering machinery into the bottom of a SCR (Bird, 2015; Britton et al., 2005; Cullen et al.,
2013; Fattah et al., 2010; Rahman et al., 2014). The upward flow through increasingly large reactor
chambers allows struvite crystals to separate by density and size. The smallest particles (prills) remain in
the uppermost reactor until enough minerals accumulate, increasing the size and density to drop the prill
down into the smaller reactor chambers below. From the top down, each reactor zone has a reduced
liquid detention time. The largest diameter zone at the top of the structure has the smallest struvite
particles with the longest detention time to allow for crystal growth (Bird, 2015; Cullen et al., 2013;
Westerman et al., 2009). The largest prills present in the lowest and smallest reactor chambers are
removed, dried and bagged. Reject waters provide adequate amounts of ammonium and phosphate, but
are low in magnesium concentrations. Therefore, magnesium additions are necessary for struvite crystal
formations (Acelas et al., 2014; Bergmans et al., 2014; Bird, 2015; Chanan et al., 2013; Munch & Barr,
2001; Xavier et al., 2014): see Equations 6.7 and 6.8.

Table 6.8 Overview of Main Technologies for Chemical Phosphate Recovery from Municipal Wastewater.

Technology Recovery
spot

Main Chemical P
Recovery

Lab-Scale Pilot-Scale Plant-Scale

Chemical
precipitation

Liquid
phase

Mg/Ca
materials

Over 80% √ √ √

Adsorption Liquid
phase

Metal-based
adsorbents

Over 90% √ √ √

Wet-chemical
process

Sludge
phase

Acid/alkaline
solution

Over 60% √ √ √

Thermochemical
process

Sludge
phase

Chlorides N/A √ √ √

(Reprinted from Ye Y., Ngo H. H., Guo W., Liu Y., Li J., Li Y., Zhang X. and Jia H. (2017). Insight into chemical phosphate
recovery from municipal wastewater. Science of the Total Environment, 576, 159–171, with permission from Elsevier.)
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Cordell et al. (2011) reported on two additional commercial-scale methods of recovering P from
wastewater and by-products:

(i) The Ostara fluidized bed reactors (Pearl® Process), implemented in Portland, Oregon, USA (and
elsewhere), recovered approximately 90% of P from the wastewater stream, and the product is
Crystal Green® struvite, magnesium ammonium phosphate (MgNH4PO4·6H2O) (Wilsenach
et al., 2007).

(ii) The partnership between Dutch company N.V. Sliberwerking Nord-Brabant (SNB) and
Thermophos International, in which P was recovered from sewage sludge ash. Detailed chemical
P recovery from liquid and sludge phases are presented in Table 6.9.

(a3i) P recovery from liquid phase In a liquid phase, chemical and adsorption are mainly utilized to
recover P (Chen et al., 2009; Jones et al., 2015; Spears et al., 2013). The chemical precipitation requires
choosing the appropriate chemical precipitator, which could be added before, after or during the
conventional biological treatment of the acquired raw materials. P recovered by this process could be
easily dewatered and subsequently, potentially reused as fertilizer (Chen et al., 2009). Calcium and
magnesium are commonly employed as precipitators (Desmidt et al., 2015) as shown in Equations 6.7
and 6.8.

Figure 6.23 Schematic of Ostara’s Pearl® struvite crystallizer process (Source: Hanzen & Sawyer, 2010;
https://www.hazenandsawyer.com/news/new-process-makes-asset-of-phosphorus-and-nitrogen-from-
wastewater/).

Regenerative Sanitation: A New Paradigm for Sanitation 4.0250

Downloaded from http://iwa.silverchair.com/ebooks/book/chapter-pdf/869430/9781780409689_0209.pdf
by guest
on 22 May 2023

https://www.hazenandsawyer.com/news/new-process-makes-asset-of-phosphorus-and-nitrogen-from-wastewater/
https://www.hazenandsawyer.com/news/new-process-makes-asset-of-phosphorus-and-nitrogen-from-wastewater/
https://www.hazenandsawyer.com/news/new-process-makes-asset-of-phosphorus-and-nitrogen-from-wastewater/
https://www.hazenandsawyer.com/news/new-process-makes-asset-of-phosphorus-and-nitrogen-from-wastewater/
https://www.hazenandsawyer.com/news/new-process-makes-asset-of-phosphorus-and-nitrogen-from-wastewater/
https://www.hazenandsawyer.com/news/new-process-makes-asset-of-phosphorus-and-nitrogen-from-wastewater/
https://www.hazenandsawyer.com/news/new-process-makes-asset-of-phosphorus-and-nitrogen-from-wastewater/
https://www.hazenandsawyer.com/news/new-process-makes-asset-of-phosphorus-and-nitrogen-from-wastewater/
https://www.hazenandsawyer.com/news/new-process-makes-asset-of-phosphorus-and-nitrogen-from-wastewater/
https://www.hazenandsawyer.com/news/new-process-makes-asset-of-phosphorus-and-nitrogen-from-wastewater/
https://www.hazenandsawyer.com/news/new-process-makes-asset-of-phosphorus-and-nitrogen-from-wastewater/
https://www.hazenandsawyer.com/news/new-process-makes-asset-of-phosphorus-and-nitrogen-from-wastewater/
https://www.hazenandsawyer.com/news/new-process-makes-asset-of-phosphorus-and-nitrogen-from-wastewater/


Calcium reacts to P to form Ca5(OH)(PO4)3 (hydroxyapatite=HAP).

5Ca2+ + 3PO2−
4 + OH− � Ca5(OH)(PO4)3 � (6.7)

Magnesium reacts to P to form MgNH4PO4·6H2O (struvite=MAP).

Mg2+ + PO3−
4 + NH+

4 + 6H2O � MgNH4PO4 + 6H2O � (6.8)
P in the form of struvite can be applied directly as soil fertilizer, while HAP is recycled by the fertilizer

industry. Iron (Fe) and aluminium (Al) ions are not recommended precipitators for P recovery as they are not
suitable for application as fertilizer because P is strongly bounded in the recovery process, thus generating
little P release (Egle et al., 2016; Petzet & Cornel, 2012; Ye et al., 2017).

(a3ii) P recovery from sludge phase P fixed in the sludge phase as sewage sludge (SS) and sewage
sludge ash (SSA) uses wet-chemical and thermochemical treatments as the main recovery technologies
(Appels et al., 2010; Kahiluoto et al., 2015; Qin et al., 2015). P bounded in the SS/SSA is released by
adding strong acids (e.g. HCl and H2SO4) or alkalis (e.g. NaOH) to the liquid phase, which is then
followed by chemical precipitation and adsorption processes to recover P from the supernatant. This
process reduces the content of heavy metals, pathogens and other toxic substances in the
supernatant. Usually, extracting P from the SS/SSA by using acids is more effective than alkalis
(Egle et al., 2016; Ye et al., 2017).

(i) Acid leaching released over 80% of P from SSA/SS with a low pH (,2.0) and strong acids of about
0.3–0.68 kg/SSA yielding dissolved P of about 66.5–99.4% (Petzet et al., 2012). H2SO4 is usually

Table 6.9 Overview of Applications of Chemical Phosphate Recovery at Plant Scale.

Plant-Scale
Process

Recovery
Spot

Chemicals Recovered Product P
Recovery

Type of
Reactor

NuReSys® Liquid
phase

MgCl2, NaOH Struvite 80–85% Continuous
stirred tank
reactor

Crystalactor® Liquid
phase

Ca(OH)2, NaOH,
H2SO4, Sand

HAP 70–80% Fluidized bed

AirPrex® Liquid
phase

MgCl2,
Flocculent

Struvite 80–90% Continuous
stirred tank
reactor

PHOSPAQ® Liquid
phase

MgO Struvite 70–95% Continuous
stirred tank
reactor

Seaborne® Sludge
phase

H2SO4, Na2S,
NaOH, MgO,
flocculent

Struvite .90% Continuous
stirred tank
reactor

AshDec® Sludge
phase

MgCl2, CaCl2 Multi-nutrient fertilizers
including phosphorus,
nitrogen and potassium

N/A Furnace

(Reprinted from Ye Y., Ngo H. H., Guo W., Liu Y., Li J., Li Y., Zhang X. and Jia H. (2017). Insight into chemical phosphate
recovery from municipal wastewater. Science of the Total Environment, 576, 159–171, with permission from Elsevier.)

Resource system 251

Downloaded from http://iwa.silverchair.com/ebooks/book/chapter-pdf/869430/9781780409689_0209.pdf
by guest
on 22 May 2023



prioritized for use in the wet-chemical process due to its low cost and ease of accessibility (Cohen,
2009; Donatello & Cheeseman, 2013; Donatello et al., 2010). When P-rich leachate is processed by
struvite precipitation for P recovery, sulphuric acid (H2SO4) can react with Ca2+ to reduce the
disturbances of the process. Also, phosphoric acid (∼52% H3PO4) of industrial grade can be used to
dissolve phosphate bound in SSA in a rotary kiln. This scenario could enhance the enrichment of P
and create a product that is similar to triple-superphosphate (Weigand et al., 2013) as shown in
Equation 6.9.

Ca4Mg5(PO4)6 + 12H3PO4 + 2H2O � 4Ca(H2PO4)2 + 5Mg(H2PO4)2 + 12H2O (6.9)
Ion exchange (Donatello et al., 2010) and nano-filtration (Niewersch et al., 2009) are currently

applied to remove heavy metals from P-rich leachate to make them less restrictive to P recovery (Ye
et al., 2017).

(ii) Alkali leaching could directly separate P from heavy metals in SS/SSA because most heavy
metals cannot dissolve in alkaline solutions. However, this reaction causes precipitation of some metal
ions such as Mg2+ and Ca2+. The release efficiency of P increases at high pH because the sludge cells
can be disintegrated only at pH 11 and then release P to the liquid phase (Becerra et al., 2010; Li et al.,
2013a, b). The wastewater treatment plant in Gifu, Japan, utilizes alkali leaching for P recovery,
achieving about 60–70% of total P recovered from SSA (Takaoka et al., 2010). In addition, NaOH is the
preferred alkali leachate because in most cases it produces more dissolved P (Torres & Lloréns, 2008;
Ye et al., 2017).

(iii) Thermochemical treatment uses chloride additives such as NaCl, KCl, MgCl2 and CaCl2 to mix
with SS/SSA at high temperatures (800–1000°C) (Adam et al., 2009). The reaction removes most of the
heavy metals due to the formation of volatile heavy metal chlorides captured in the flue gas by a further
cleaning process (Herzel et al., 2016). For instance, humid reaction atmosphere may easily result in the
formation of either HCl or Cl2 and then volatile Zn can react with them to form ZnCl2, which is easily
removed with the emission of flue gas due to its low evaporation temperature as shown in Equations
6.10 and 6.11.

2HCl+ ZnO � H2O+ ZnCl2 (6.10)
2Cl2 + 2ZnO � O2 + 2ZnCl2 (6.11)
Most heavy metals can be removed from the sludge phase via the thermochemical process,

but some heavy metals (e.g. As and Ni) are still retained in the sludge phase (Nowak et al., 2013).
The heavy metals in the flue gas could be treated by filter while MgCO3 and NaHCO3 are utilized
to adsorb chloride and remove SO2, respectively. In addition, Na2SO4 could replace the chlorides as
an additive to treat SS/SSA for the formation of NaCaPO4 (Vogel et al., 2016; Ye et al., 2017)
(Figure 6.24).

(b) Used water Water reclamation and reuse is arguably the most important product recovery
process because of the ability of sanitation systems to provide additional water resources in
water-stressed areas (Burn, 2014; Guest et al., 2009; Mayer et al., 2016). Water reuse and recycling
is the application of technologies for wastewater treatment to meet water quality requirements for
the intended use based on the concept of ‘fit-for-purpose’; and it emphasizes the efficiencies
realized by designing reuse for specific applications (Table 6.4) (USEPA, 2012). The positive
benefits of used water include:

(I) Improved agricultural production;
(II) Irrigating landscapes and agricultural fields,

Regenerative Sanitation: A New Paradigm for Sanitation 4.0252

Downloaded from http://iwa.silverchair.com/ebooks/book/chapter-pdf/869430/9781780409689_0209.pdf
by guest
on 22 May 2023



(III) Reduced energy consumption associated with production, treatment and distribution of water; and
(IV) Significant environmental benefits, such as recharging groundwater aquifers, providing critical

stream flows, reduced nutrient loads to receiving waters (Burn, 2014; USEPA, 2012 –Table 6.10).

Many nations recycle water to some extent, but most currently recycle less than 10% of total wastewater
flows (Mayer et al., 2016). Successful examples include:

(I) The Orange County Water District, California, USA and the Upper Occoquan Sewage Authority,
Virginia, USA, which have been achieving indirect potable reuse for over 30 years;

(II) Singapore’s indirect potable and direct non-potable reuse of reclaimed water (NEWater) that
contributes 30% of the country’s drinking water; and

(III) Namibia’s direct potable reuse found in Windhoek, where water resources are particularly scarce
(Andersson et al., 2016a, b; Guest et al., 2009; Lahnsteiner & Lempert, 2007).

Furthermore, Israel is increasingly leveraging substantial fractions of municipal wastewater to augment
water resources with used water (Futran, 2013; United Nations, 2009). It should be noted that most
recycled wastewater is used for irrigation, which provides all of the nutrients needed by crops and adds
value, through cost savings, to farmers (Mayer et al., 2016).

(c) Bioenergy recovery The conversion of organic-rich materials from sanitation system into bioenergy
has a long history, especially through anaerobic digestion (AD) (McCarty et al., 2011; Puyol et al., 2017).
Several technologies are under current development to convert organic matter to bioenergy such as
biohydrogen, biodiesel, bioethanol and microbial cell fuels, etc. (Puyol et al., 2017). The most common
and efficient method for energy recovery from sanitation materials is generating biogas derived from the
AD process (Batstone & Virdis, 2014; Jewitt, 2011; Puyol et al., 2017). For instance, biogas digesters
are widely used for energy production in many parts of the world with China leading in the field since
the late nineteenth century (Mae-Wan, 2008; Jewitt, 2011).

Meanwhile in developed countries, biogas methane generated from municipal wastewater treatment
plants is widely used for cooking and heating, electricity, vehicle fuel and ‘mains’ gas when processed

Figure 6.24 Struvite crystal produced from lagoon wastewater (Source: Rahman et al., 2014).
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and introduced into natural gas pipelines (Defra, 2010; Dutta et al., 1997; Energy Saving Trust, 2008;
EREC, 2009; Guardian, 2008; Jewitt, 2011). Even greater benefits can be achieved where biogas units
are directly linked to farm, sewage and municipal waste streams as part of a broader waste management
strategy (Defra, 2009a, b, 2010; Gasworld, 2010; Guardian, 2008; Taglia, 2010; Jewitt, 2011; Thames
Water, 2009) (Figure 6.25).

In Stockholm, Sweden, the Bromma wastewater plant produces around 10,000 tonnes of sewage sludge
annually with anaerobic treatment conditions to produce biogas for use in vehicles. The remaining biogas
sludge is used in agriculture as a soil conditioner (Jewitt, 2011;Welsh School of Architecture, 2008). Biogas
produced at Heidelberg’s municipal sewage treatment works is used to generate electricity and German
engineers have developed a new processing system that generates biogas within five days. A third of the
electricity generated from this biogas is used to power the plant while the rest is sold to the national grid
(EDIE, 2002; Jewitt, 2011).

But in developing countries, biogas projects are small-scale rural and semi-urban digesters mainly used
as fuel for cooking and lighting (the most convenient use of biogas) (Andriani et al., 2015). A biogas burner
that burns with blue flames without odour is available in a wide-ranging capacity from 14 m3 to 170 m3

biogas consumption per hour. The biogas lamp consumes 3.40–5.10 m3 per hour, having an illumination
capacity equivalent to 40 W electric bulbs at 220 volt (Andriani et al., 2015; Pathak, 2014). For
example, 200 biogas plants using human excreta and animal dung as feedstock have been implemented
in Ghana (Diener et al., 2014); there is also the Sulabh biogas toilet system in India and biogas in
Kibera, Kenya (Katukiza et al., 2012) and Indonesia (Andriani et al., 2015), to mention but a few
(Figure 6.26). Other forms of bioenergy recovery include:

Figure 6.25 Schematic illustration of a typical wastewater treatment plant with AD (Source: Bachmann,
2015).
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(I) Hydrogen (H2) production from the biological process of photo-fermentation and dark
fermentation that accomplishes the dual goal of waste treatment and energy recovery as it
utilizes wastewater as feedstock (Das & Veziroglu, 2008; Dincer & Acar, 2015; Han & Shin,
2004; Puyol et al., 2017);

(II) Biofuel (biodiesel, bioethanol and microbial cell fuels) production from the conversion of
organic-rich wastewater stream by microalgae (Funamizu et al., 2001; Logan et al., 2006;
McCarty et al. 2011; Polprasert & Koottatep, 2017; Rittmann, 2013); and

(III) Biochar or hydrochar production from the conversion of biomass into coal through the process of
pyrolysis called hydrothermal carbonization (HTC) used in cooking briquette production and
solid fuel for industrial application (Fakkaew et al., 2015a, b, 2018; Koottatep et al., 2016,
2017; Titirici et al., 2007).

(d) Soil conditioners These are the end use of recovered and recycled organic matter from FS and SS as
organic manure-cum-soil conditioner – an effect not shared by chemical fertilizers applied on agricultural
land (Nikiema et al., 2014). FS comes from on-site sanitation technologies (non-sewer) (Strande et al.,
2014), while SS originates from sewered sanitation technologies that yield ‘biosolids’ with further
treatment. They are nutrient-rich organic materials that can be recycled and applied as fertilizer to
improve and maintain productive soils and stimulate plant growth (USEPA, 1994; WEF, 2010). Sludge
is a renewable source of plant nutrients, such as nitrogen, phosphorus, potassium and organic matter as
well as some trace elements such as zinc, important for plant growth (Cofie et al., 2005; Nartey et al.,
2017). This organic matter has the potential to be anything, from use in agriculture to bagged compost
products sold for use at household level (Diener et al., 2014; Strande et al., 2014). There are processes
presented through different treatment technologies and each technology results in end products based on
the intended recovery product of choice. The main objectives for the treatment of sludge are to eliminate

Figure 6.26 Biogas generation using human excreta (Source: Andriani et al., 2015).
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potential health hazards, stabilize organic matter and recover materials for reintegration into the material
cycle (Otterpohl & Buzie, 2013; USEPA, 2003). For example, sludge from sanitation systems could be
used on agricultural land as soil conditioners in the form of dried or partially dried sludge, compost,
pellets, leachates, biosolids etc.

Also, they could be co-composted together with other waste streams such as municipal solid waste and
the application of vermicomposting (Andersson et al., 2016a, b; Peccia & Westerhoff, 2015; Polprasert,
1996; Polprasert & Koottatep, 2017; Strande et al., 2014). Koottatep et al. (2005) showed that
sunflowers irrigated with leachate from planted drying beds improved, with increased seed and oil
yields, in a six-year study in Thailand. Therefore, sludge used as soil conditioners increases soil organic
matter (SOM), supports soil functions such as retaining N and other nutrients, retains water to protect
roots from diseases and parasites and makes retained nutrients available to plants (Bot & Benites, 2005).
The organic matter itself also contains nutrients that will release gradually as it is broken down through
natural processes (Andersson et al., 2016a).

6.5 WHERE DO WE GO FROM HERE?
The use of SDPs is gaining attention due to the many opportunities to close the bio-geo-chemical cycle. The
importance of sanitation as a resource is quite clear, the challenge is where to focus on. There is a wide
variety of possible alternatives as the array of technical options grow (Gates-Foundation, 2010; van der
Hoek et al., 2016). Some recovery processes and resources are well established, such as used water,
bioenergy and SDFs (Daigger, 2008, 2009; Doyle & Parsons, 2002; Garcia-Belinchón et al., 2013; Lee
et al., 2013; McCarty et al., 2011; Puchongkawarin et al., 2015; Sutton et al., 2011), while the emerging
ones are: recovery of cellulose fibres (Ruiken et al., 2013), biopolymers (Tamis et al., 2014), bioplastics
(Kleerebezem & Van Loosdrecht, 2007) and proteins (Matassa et al., 2015). Despite these advances,
there are still limited studies on integrated energy-nutrient-water recovery that explore the combined
benefits and potential trade-offs of these methods under different scales (McCarty et al., 2011; Mo &
Zhang, 2013; Slater, 2009; Verstraete et al., 2009). Other challenges of ReS include:

(I) Uncertainties and limitations in energy recovery, also impacted by capital costs of infrastructure
and lack of reliable and specific requirements for climate and local conditions as well as lack of
integration and trade-offs in on-site energy generation, especially in large municipal infrastructure
(Mo & Zhang, 2013);

(II) Nutrient-recycling technologies have not been widely implemented beyond biosolids and FS
land application. The challenges of nutrient recycling are more complicated than on-site
bioenergy generation technologies and include land and financial resource constraints,
integration into existing infrastructure, safety and technology imperfections. Mo and Zhang
(2013) observed that the application of urine separation needs cooperation from local
communities and governments; and changing the existing infrastructure incurs high
construction costs that could hinder application. Furthermore, more studies are needed to
address issues of PSEP (4.2); and

(III) Water recovery and reuse are not adequately linked to treatment technology and certainly not at
the desired quality standards associated with certain applications because most of the time
researchers, industries and other users strive for better treated-water quality, but neglect the fact
that the over-treated wastewater brings no additional benefits, but does bring higher energy
consumption and costs. Also, health and safety concerns are still major barriers to broader
application and reclamation (Mo & Zhang, 2013).
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Moving forward will require studies that identify challenges and opportunities as well as develop sani-shed
and scale research and practices on integrated resource recovery; they have to be encouraged through
funding, policy instruments and regulations (Mo & Zhang, 2013; Rittmann & McCarty, 2001; Verstraete
et al., 2009). Studies have also shown that the major challenges of ReS exceed the absence of
technology; they include a lack of social-technological planning and design methodologies to
identify and deploy the most sustainable solutions in a given geographic and cultural context (Guest
et al., 2009). According to Li et al. (2015), uncertainties about which techniques are most useful and
how to combine them stand in the way of creating SDPs (van der Hoek et al., 2016) and/or a nutrients-
energy-water-environment-land nexus (NEWEL) (Papa et al., 2017). Systematic planning approaches
are needed to guide practitioners through the process of designing ReS. Beyond being technically
feasible, a recovery and reuse scheme should be socially, economically and institutionally robust for
sustainability and should also incentivize appropriate operations and maintenance of the ReGenSan
systems (Murray & Buckley, 2009).

Murray and Buckley (2009)’s design for service framework (DSF) approach used for planning and the
van der Hoek et al. (2016) options could both serve as viable and coherent strategies to scale up ReS in the
ReGenSan framework. These could include:

(I) Generate list of all potential SDPs with focus on material flow in the sanitation chain. Material
Flow Analysis (MFA) tool can be deployed to quantify the flow of materials through a defined
system (Chevre et al., 2013; Cooper & Carliell-Marquet, 2013; Yuan et al., 2011);

(II) Assess the environmental and cost characteristics of technology options available for RRR.
Identify and characterize measures (measure here means plans or courses of action that change
resource flow and/or recovery) (Murray & Buckley, 2009; van der Hoek et al., 2016);

(III) Assess the demand for SDPs in communities and local production/use through market analysis
and optimization modeling (Murray & Buckley, 2009; van der Hoek et al., 2016);

(IV) Assess performance of ‘business as usual’ provisions for SDPs. This entails gap analysis between
existing performance using optimization modelling, ecosystems impact assessment, institutional
stability analysis, user satisfaction and perception survey (Murray & Buckley, 2009; van der Hoek
et al., 2016);

(V) Design appropriate sanitation technology/measures for the provision of SDPs with lowest
performance. Some tools to use include lifecycle assessment (LCA), Material Flow Analysis
(MFA), mathematical modelling and economic cost-benefit analysis; determine realistic and
necessary institutional and user change. Some critical questions for consideration are:
(a) How many of these technologies/measures influence MFA?
(b) How much of these resources are recovered by the technology/measures? (Murray &

Buckley, 2009; van der Hoek et al., 2016); and
(VI) Develop strategic measures necessary for possible recovery and reuse and what changes and

commitments are required for recovery and when they can be implemented (Murray &
Buckley, 2009; van der Hoek et al., 2016). Since strategies imply actions, plans, measures and
choices towards a vision (Rampersad, 2002), it is vital to know which measure and/or SDP is
preferred in order to determine the most appropriate strategy.

Ultimately, ReGenSan proposes that the ReS in sanitation be given as much attention as TeS and built within
the boundaries of the specific SES in which the system is domiciled. The sanitation economy is strongly
dependent on the ReS and so its growth and sustainability is equally dependent on a practical,
comprehensive, holistic and effective IFSVC. The SVC cannot be restricted to the SSC as there are other
businesses within the sanitation sector that enable the SSC to function. All parties that contribute to and

Regenerative Sanitation: A New Paradigm for Sanitation 4.0258

Downloaded from http://iwa.silverchair.com/ebooks/book/chapter-pdf/869430/9781780409689_0209.pdf
by guest
on 22 May 2023



benefit from the entire sanitation system of any sani-shed within a given SES should be included in the SVC
to capture the real picture of the sanitation economy. As it is now, the sanitation economy and a
vibrant/robust IFSVC need to be thoroughly investigated in order to increase investment, sustainable
financing and upscaling.

ReS within SES could also benefit from integrated resource recovery transformation whereby different
facilities that capture separate resources are contained in one location to collect across sani-sheds. SDPs
could then be made available directly or indirectly to the market/users in whatever form they are needed
from this same location. This could reduce overhead burdens through shared costs, human resource and
markets. In addition, agriculture and aquaculture farms could have integrated facilities in-house with
cross-supply of SDPs relevant to either cultivators (crops or aquatic) or other purposes. These are
areas open to research and innovations in technological, ecological, cultural, social, economic and other
fields. Researchers and innovators need to include product users/customers, designers/developers,
manufacturers, service providers, regulators/policymakers, investors/financiers, suppliers/distributors,
microenterprises, sanitation workers/professionals, professional/occupational associations as well as
local government officials at the planning and conceptualization stage in order to design and develop
appropriately and get a buy-in even before going to the drawing board. This partnership and
collaboration could also fund and keep such projects within focus.

6.6 EXERCISES
(I) ReS considers sanitation as a production factory. Briefly explain your understanding and

position on this statement.
(II) Briefly trail the historical use of human digestive by-products. Use a timeline to illustrate.
(III) ‘Waste equals food’ and ‘in nature nothing is useless’. Briefly explain with practical examples

related to sanitation and illustrations.
(IV) What is ReS and how can it be effective? And what are the benefits from an effective ReS?
(V) From Figure 6.1, explain what you think is happening in the diagram and how it fits into the

IFSVC and the ReS.
(VI) Describe with the aid of an illustration the interactions between sanitation and agriculture,

aquaculture, horticulture and urban regeneration.
(VII) From your perspective, describe the sanitation value chain (SVC) and its advantages and

disadvantages to the communities of your country.
(VIII) How does the BGC (i.e. bio-geo-chemical cycle) contribute to resource recovery and

transformation of sanitation raw materials?
(IX) Why should RRR be introduced from the planning and conceptualization stage?
(X) What is the role of standards and governance instruments (legislation, policy and regulations) in

effective and practical sanitation ReS?
(XI) How does the current SVC differ from the ReGenSan IFSVC?
(XII) Briefly and critically describe some of the enterprises and activities within the IFSVC

(generally) and outline the systemic interactions (use illustrations where possible).
(XIII) Briefly and critically describe the IFSVC within a specific SES or san-shed and outline the

systemic interactions (whether they exist or not).
(XIV) Identify the value-added activities and resources within each of the IFSVC.
(XV) What are the challenges for upscaling and commercialization of SDPs?
(XVI) What are some critical challenges of PSEP within a given ReS?
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(XVII) Identify opportunities for micro-enterprise bundling in sanitation management and how it could
attract large investments.

(XVIII) What financing mechanism could be adopted for non-sewered sanitation in developing
countries?

(XIX) What are some standards that should concern RRR in both sewered and non-sewered sanitation
products and service provision?

(XX) What are some options for RRR from existing non-sewered sanitation systems?
(XXI) Briefly and critically discuss some innovations of recovery and reuse of SDPs from existing

sewered and non-sewered sanitation infrastructure.
(XXII) What are some necessary considerations for RRR in existing sanitation facilities.
(XXIII) Briefly and critically describe some alternative designs for RRR in sanitation and suggest some

possible innovations.
(XXIV) Briefly and critically describe decentralized circular systems and up-concentration for zero

wastewater; and show how they could be integrated.
(XXV) What are nature-based design options in sanitation management and how significant are their

overall contributions?
(XXVI) Identify some constructed wetlands options for sanitation and their possible functions and

suggest innovations.
(XXVII) How can demand-based-designs reduce abandoned, dysfunctional and unimproved sanitation

facilities/devices and improve innovative provisions’ ability to meet customers/users’ needs
and expectations as well as service the market appropriately?

(XXVIII) Briefly consider what kind of facilities and innovations customers/users would be willing to
accept and pay for in your own country.

(XXIX) Critically discuss the customer segment at the final market for SDPs.
(XXX) How does an effective and practical ReS contribute to agriculture, aquaculture, horticulture and

livelihoods?
(XXXI) Critically and briefly describe the ReS dimension and its components.
(XXXII) What are some options for designing to recover and reuse SDPs and how?
(XXXIII) What are the safety and health hazards inherent in the production and transformations process of

SDPs and their reuse? How can they be averted?
(XXXIV) Identify the four major pathogens that transmit sanitation-related infection in your community

and how they are categorized.
(XXXV) With the aid of an illustration, briefly and critically describe the route of transmission from SDPs

productions, transformation and utilization.
(XXXVI) Briefly and critically discuss the storage time and temperature required to treat different

sanitation matters.
(XXXVII) Critically describe with an illustration the differences between sanitation-related transmitted

pathogens in developed and developing countries (use examples if possible).
(XXXVIII)What are sanitation-raw materials? How are they generated? Critically and briefly discuss their

reactions, interactions and transformation.
(XXXIX) Identify some SDPs, their productions and transformation, processes, possible reuse, challenges,

(barriers, health and safety, demand, market etc.) technology using examples.
(XL) Identify some ways that SDPs could contribute to rural development and livelihood support.
(XLI) What are the significance, benefits and challenges of an integrated recovery facility for a

nutrient-energy-water-environment-land (NEWEL) combination?
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6.7 RECOMMENDATIONS FOR FUTURE RESEARCH
(I) Critically review and analyze contemporary and traditional use of sanitation matter for

agriculture, aquaculture and horticulture to identify trends, failures, advantages/disadvantages
and the possible ways forward.

(II) Explore the current assumptions of the SVC and how it fits into the whole sanitation system.
(III) Using the ReGenSan ReS, develop a scenario in a particular sani-shed for a sanitation resource

management programme.
(IV) Explore the role of BGC (i.e. bio-geo-chemical cycle) in RRR of sanitation matter from storage

to transformation.
(V) How could RRR concept be introduced at preliminary conceptualization (i.e. design and

development) stage of sanitation devices and infrastructure? What are some risks and benefits?
(VI) How could standardization and governance instruments (such as policies, legislation, and

regulations) be used to improve ReS?
(VII) Explore the ReS of a particular sani-shed within a specific SES from an inter (trans) disciplinary

perspective to determine the possible most appropriate ReS programme (including technology
selection/uptake) for the given area.

(VIII) Explore users’/customers’ needs, desires, expectations and preferences as regards sanitation
provisions and how this could affect design, development and marketability of sanitation
devices and facilities.

(IX) Explore the existing SVC within a specific SES/sani-shed using the ReGenSan IFSVC to
determine the actors, activities, enterprises, investors/financiers, governance structure/
provisions, facilities and infrastructure of the IFSVC and how these play out in the
marketplace, and what lessons could there be for researchers, innovators, investors,
manufacturers, government and interventionists.

(X) Explore the value chain within each stage of the IFSVC to determine the value they add to the
whole system.

(XI) How can we address the principle of frugal designs to known RRR processes for SDPs to address
the need of those at the Base of the Pyramid (BoP)?

(XII) How can upscaling and commercialization of SDPs be achieved and what are the challenges
involved?

(XIII) How can the PSEP challenges within the ReS be properly handled to overcome cultural
and personal preferences, acceptability, willingness to buy and use as well as shared
facility/resources?

(XIV) Explore place-based and context-specific options for RRR from existing non-sewered sanitation
systems and final markets.

(XV) How can RRR be embedded into innovative and new designs for non-sewered sanitation,
particularly in dense urban populations of developing countries?

(XVI) Explore opportunities to establish and scale up local businesses and industries that could
manufacture, distribute and install recovered products and sanitation facilities particularly for
non-sewered.

(XVII) What kind of innovative sanitation business solutions could serve the needs of ReS in
households, communities, institutions, large gatherings, etc.? How can such businesses be
stimulated within SES?

(XVIII) How can shared-cost and shared-facilities assist micro-enterprises in sanitation products/service
provisions through merging or cooperatives?
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(XIX) Examine any of the available alternative designs for SDP recovery, transformation and reuse (or
more than one) to specifically address sanitation in place, scale and particular context and if it is
possible to combine options for improved results.

(XX) Critically examine the challenges, barriers and gains of current RRR options from existing
sanitation infrastructure (sewered and non-sewered) and how their process, management,
technologies and final products match up with required standards, regulations (policies and
legislation-global, national and local), health and safety considerations.

(XXI) How could large investors and manufacturing companies be attracted to sanitation
device/facility designs that include recovery, transformation and reuse options particularly in
non-sewered?

(XXII) How could investment be drawn down for conglomeration of micro-enterprises that deliver
sanitation services/products to customers, especially of non-sewered systems?

(XXIII) How can hybrid financing mechanism be achieved in non-sewered sanitation of developing
countries?

(XXIV) Explore other possible uses for SDPs that could meet consumer needs and attract investment and
industry actors.

(XXV) How can standardization improve and strengthen the ReS and ensure/enhance health and safety
of SDP users and collection/recovery/transformation employees for sewered, but particularly
non-sewered, sanitation?

(XXVI) Explore the contributions of ReS to food security and urban regeneration and identify key areas
of interactions/markets and possible financial materials gains.

(XXVII) How can some current innovations of recovery and reuse of SDPs from existing sewered and
non-sewered sanitation infrastructure be improved and made cost-effective and upscale?

(XXVIII) Examine the significant contributions (if any) of constructed wetlands to sanitation management
and consider some innovative (integrated) options.

(XXIX) Examine the potential of demand-based design (DBD) to turn the trend of unimproved,
dysfunctional and abandoned sanitation facilities in developing countries and its possible
impact on innovations satisfaction and market expectations.

(XXX) Explore customers’/users’ demands, expectation and willingness to accept, utilize and pay for
existing and new sanitation provisions in a place-based and context-specific mixed
method study.

(XXXI) What kind of customers/users will be interested in SDPs and how could DBD be incorporated to
meet their needs and expectations?

(XXXII) How can inherent hazards in the production, transformation and reuse of SDPs be minimized and
controlled for all the populations at risk?

(XXXIII) Explore precautions and barriers to ensure occupational health and safety of employees in the
production, transformation and reuse of SDPs.

(XXXIV) Explore considerations for preventing pathogens from RRR processes entering the environment,
particularly surface/groundwater, soil and air.

(XXXV) Explore technology and operational options that prevent pathogenic infections during
collection, production, transformation and reduction (i.e. limit human contact) – considering
the various populations at risk.

(XXXVI) What are possible issues that could arise from pharmaceutical residues and female bodily fluid
inside sanitation raw materials? How can they be managed?

(XXXVII) Explore the linkages between ReGenSan and food security, ecosystem flows, industrial and
human purposes, with recommendations.
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(XXXVIII)Explore the connections between ReGenSan, SDPs and urban regeneration, with
recommendations for urban development.

(XXXIX) Explore the possible contributions of ReGenSan and SDPs to rural development and livelihood
support, with recommendations.

(XL) Explore the use and market of sanitation-derived cellulose fibres, biopolymers, bioplastics and
proteins towards attracting the buy-in of investors and manufacturers.

(XLI) Investigate the recovery of cellulose fibres, biopolymers, bioplastics and proteins from
sanitation matter (BGC, engineering, productions, etc) for relevance, practicality, efficacy,
cost-effectiveness and potential significance to the sanitation economy.

(XLII) What kind of technologies and systemic processes could deliver an integrated recovery facility
for a nutrient-energy-water-environment-land (NEWEL) combination? Is this possible?

(XLIII) How can agriculture and aquaculture firms combine to recover and reuse sanitation resources to
benefit both systems and urban/rural regeneration?

(XLIV) Explore constructed wetlands options for sanitation management in coastal areas (context-
specific) and, if possible, specify a place. Identify possible SSC-RaMs, SDPs, challenges,
contributions to the community and market.

(XLV) Develop a possible ReS for arid or water-scarce regions (context-specific) using a case area and
investigate possible recovery and reuse options as well as impact on the region.

(XLVI) Explore the possible combined benefits, potential trade-offs, processes and shared points from
integrated energy-nutrient-water recovery facilities (existing and innovative options).

(XLVII) Explore the uncertainties and limitations in energy SDPs considering frugal options, finance
mechanisms, demand/use, tradeoffs, standards and regulations, benefits, technological, health
and safety risks and other challenges, particularly in large infrastructure, dense communities
and accommodations and rural communities.

(XLVIII) Examine nutrient-recycling technologies for efficiency, practicality, financial viability,
available capital resources, health and safety, environmental protection, acceptability,
government support and integration into existing sanitation infrastructure.
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