
Chapter 5

Technological system

‘We are stuck with technology when what we really want is just stuff that works’

Douglas Adams

5.1 INTRODUCTION
ReGenSan technology system (TeS) refers to a functional and standardized infrastructure across the
sanitation service chain (SSC) that is seamlessly networked (i.e. conventional/non-conventional
sewerage) and loosely networked (i.e. non-sewered systems), designed to deliver reliable safely-managed
sanitation infrastructure aimed at access expansion and service improvement (Kaminsky &
Javernick-Will, 2015; Kvarnström et al., 2011; Markard, 2011; Thomas et al., 2018; WHO/UNICEF,
2017). These sanitation infrastructures are the configurations with which sanitation technologies are
delivered to users/customers in a sani-shed; while sanitation technologies broadly cover the products,
services and processes that operate within, around and on the network of systems that makes up the
infrastructure. They should all be built on rigorous formulated standards that ensure uniformity,
replicability, scalability, reliability, specificity and functionality as well as design, construction,
installation, operation, maintenance, manufacturing and service delivery (Gasiorowski-Denis, 2018;
Lazarte, 2016). This infrastructural standardization is in consonance with the principles and theory of
ReGenSan (see Section 2.4, Box 2.4 and Figure 2.2), which aims to pursue total revitalization and
rejuvenation of the complex streams of sanitation technological systems by ensuring continuous
improvement of safely managed existing facilities and rehabilitation/retrofitting of dysfunctional and
aged facilities as well as contextual, innovative, transparent and functional criteria for development of
nouveau facilities. Studies have pointed to inadequate, ‘unrecognized’ and ‘unacceptable’ standards for
design, production, installation, construction, operation, maintenance and testing as being responsible for
the ‘non-functionality’ of most adjudged improved facilities (Starkl et al., 2013), in spite of the
deployment of strategic and efficient technology selection decision support tools.
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According to the International Social and Environmental Accreditation and Labelling Alliance (ISEAL),
a standard is a ‘document that provides, for common and repeated use, rules, guidelines or characteristics
for products or related processes and production methods, with which compliance is not mandatory’
(ISEAL, 2006); and refers to particular products, services and value chain (Springer-Heinzer, 2017). In
recent global discourse, there is an increasing recognition of the need for standards in sanitation
infrastructure, with some already existing (mainly for sewered systems) and others being proposed (for
non-sewered systems) (Jean-Marie, 2013). However, most of these standards are built on broad and
generic templates that may not be able to deliver the anticipated infrastructural revolution; particularly
as most developing countries with predominantly latrine and septic tank sanitation infrastructure lack
any kind of standards and have no particular responsible government agencies, which results in almost
no attention ever being accorded to sanitation networks. It may then be difficult for these broad and
generic standards to be adopted and implemented in most countries that need urgent improvement in
sanitation access and services.

The non-conventional (condominial sewerage) sewer infrastructure, designed then as an alternative to
sewer systems in response to challenges posed by expanding services into the peri-urban neighborhoods
of Brazil during the 1980s (Melo, 2005), was substantially institutionalized and adopted in Brazil
and Latin America under national condominial sewerage design standards and codes of practice
(Jean-Marie, 2013; Satterthwaite et al., 2006). However, due to inadequate operating standards the same
non-conventional sewer infrastructure was not successfully implemented in sub-Saharan Africa (Pham &
Kuyama, 2013). For instance, in Zambia, a 1991 study conducted by the Water and Engineering
Development Centre (WEDC), Loughborough University, United Kingdom (UK), that assessed several
condominial sewerage systems discovered that all infrastructure had serious maintenance issues traceable
to inadequately adopting standards that were not tailored to suit the specific needs of the country
(Jean-Marie, 2013; Reed & Vines, 1992). It is highly indicative then that innovative and contextual
infrastructural standards are necessary for decentralized and centralized sanitation technologies that could
resolve the current global challenges of failure, dysfunction, deterioration and abandonment, especially
in countries with huge sanitation infrastructural burden (CSIR, 2007; Kaminsky & Javernick-Will, 2015;
Rodgers et al., 2007; WSP, 2007). Standards could remarkably reduce the difficulties associated with
technology replicability, functionality and scalability, while also making it easier to determine causes of
technologies’ successes and failures (Gasiorowski-Denis, 2018; Lazarte, 2016; Starkl et al., 2015).
ReGenSan’s TeS approaches the issue of sanitation technologies from the angle of design, development,
use and service regimen and specifications that interpret national systems and indigenous knowledge of
specific SES to determine required deliverables as well as the SSC and sanitation service ladder (SSL)
levels. To this effect, product and service quality and provision will be guided by global, regional/state
and national standards/regulations that are context-specific. Therefore, it is essential to first grasp an
understanding of the considerations and framework of sanitation infrastructure and the decussating role
of standardization (a cross-cutting component of the ReGenSan framework).

5.2 SANITATION INFRASTRUCTURE
Infrastructure could be described as sociotechnical system installations that act as the foundation for any
operation or system as well as the stock of basic facilities, activities, instruments and interrelated systems
required for the effective functioning of a nation, city or area to condition and support its citizens.
Infrastructure can be hard assets which refers to physical networks and facilities required for the process
to function, or soft assets, which may be services, interactions, institutions and standards required
to maintain efficient operations and functioning (Lewis, 2008; Niskanen, 1991). They make up
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interdependent and self-contained public and privately funded facilities that provide essential services for
citizens to enjoy good quality of life; and include, among others, sewers, sewage treatment plants, water
supply systems, reservoirs, solid waste disposal and housing (AGCA, 1982; Finger et al., 2005; Kaijser,
2004; Kwiakowski, 1986; Uddin et al., 2013). They are more than physical artefacts (products of
technology) and include people, services, organizations and knowledge as well as economic and legal
conditions (Hughes, 1987; Jönsson, 2005; Kaijser, 2004). Infrastructure assets are those technology
systems and people that provide vital services to communities and businesses such as energy, water
supply, solid waste disposal, wastewater treatment, faecal sludge management (FSM) etc. (Uddin et al.,
2013). The implication is a network of hard and soft assets of entire interrelated systems of
public/private facilities and activities defined by specific standards that continually replace and
rehabilitate individual and connected asset components indefinitely to ensure continuous optimum
performance (Fulmer, 2009).

Sanitation infrastructure, therefore, includes hard and soft assets of sociotechnical systems used to
provide sanitation solutions at public and private levels such as sewers, septic tanks, latrines/toilets,
treatment plants, disposal trucks etc. which must take into account all the technical aspects of the
‘solution’, and all economic, social, organizational, institutional and environmental aspects
(Schertenleib, 2005; Maurer et al., 2012; Chang et al., 2011). Thus, ReGenSan infrastructure is the
conglomeration of networked systems of sanitation technologies, institutions and standards designed to
deliver effective and practical services and solutions that conform to the principles of ReGenSan (2.4).
It is an aggregation of sanitation technologies as physical artefacts, which are arranged together in a
service chain synergy to deliver effective and practical solutions within a standardized framework upon
which technologies are placed to function in the sani-sheds, mimic natural systems and incorporate
indigenous knowledge.

5.2.1 Sanitation service chain (SSC)
SSC focuses on the long-term provision of sanitation services for all and at scale as well as describing the
ways in which sanitation services are provided. The application of the SSC provides many possible
sanitation technology configurations, ranging from self-contained on-site systems to neighbourhood-scale
treatment facilities to hybrid systems in which some functions (separation, collection, storage of urine) are
performed on site and others (e.g. greywater treatment) are at centralized locations – see Figure 5.1
(Langergrabera & Muellegger, 2005; Larsen et al., 2009; Magid et al., 2006; Tchobanoglous & Leverenz,
2013; Vinnerås & Jönsson, 2013).

Figure 5.1 Sanitation infrastructure service chain (Reprinted from Zakaria F., Garcia H. A., Hooijmans
C. M. and Brdjanovic D. (2015). Decision support system for the provision of emergency sanitation.
Science of the Total Environment, 512–513, 645–658, with permission from Elsevier.)
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Studies have shown that sanitation technologies exist at different spatial levels, each with specific
technical, management, operations and maintenance conditions (Zurbrügg & Tilley, 2007). There are two
broad categories of the wet and dry technologies. The terms ‘wet’ and ‘dry’ indicate the presence of
flushing water for the transport of excreta and imply how wet or dry the collected waste materials will
be. Although flushing water might not be used and it would not therefore qualify as a dry system, a
system may nevertheless contain anal cleansing water, urine flushing water or even greywater. Also, wet
systems are characterized by the production of a parallel product: faecal sludge. In wet systems then, the
faecal sludge flow stream must be taken into account and treated accordingly, with its own set of
processes and product-specific technologies until the point of ultimate disposal (Zurbrugg & Tilley, 2009).

Sanitation technologies include five major components: collection and storage, transport, treatment
on/off site, recovery/reuse and disposal; and they are often referred to as the sanitation service chain
(SSC) (Wirmer, 2014; Zakaria et al., 2015), or sanitation value chain (SVC) (which views human
excreta as a potential resource for valuable products such as biogas or fertilizer (CSTEP, 2016; Van
Dijk, 2012) or sanitation service delivery chain (SSDC) (which refers to access to toilets, emptying,
transport and disposal or reuse) (Rao et al., 2016) or functional groups (i.e. technologies that have
similar functions, which, when selected together, can be used to build a sanitation infrastructure) (Tilley
et al., 2014a, b; Zurbrügg & Tilley, 2007, 2009).

The concept of SSC is actually embedded in every sanitation technology, whether sewered (centralized or
off site) or non-sewered (decentralized or on site). The off-site infrastructure consists of a sequence of
several individual sanitation processes where each individual process represents a step of the SSC that is
carried out by a separate technology. However, the on-site infrastructure usually combines several

Table 5.1 Overview of Existing Sanitation Technologies and Corresponding Input/Out Materials.

Existing Sanitation Technologies Input/////Out Materials

Wet mixed blackwater and greywater with off-site
treatment technology

Blackwater mixed with greywater
Faecal sludge

Wet mixed blackwater and greywater with on-site
treatment technology

Blackwater mixed with greywater
Faecal sludge

Wet blackwater technology (blackwater
separated from greywater)

Blackwater
Faecal sludge
Greywater

Wet urine-diversion technology Urine/yellow-water
Brownwater mixed with greywater
Faecal sludge

Dry greywater-separate technology Excreta
Greywater

Dry urine- and greywater-diversion technology Urine
Faeces
Greywater

Dry all mixed technology Excreta mixed with greywater

(Reprinted from Tilley E., Ulrich L., Lüthi, C., Reymond, P.H. and Zurbrugg C. (2014b). Compendium of Sanitation Systems
and Technologies, 2nd rev. edn. p.108, with permission from Swiss Federal Institute of Aquatic Science and Technology
(EAWAG).)
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sanitation processes/steps of the SSC in a single sanitation technology (Figure 5.2) (CAWST &
EAWAG-Sandec, 2016; Wirmer, 2014; Zakaria et al., 2015).

The SSC is the series of steps/processes involved in the provision of sanitation infrastructure (Sparkman,
2012; Verhagen & Ryan, 2008; Zakaria et al., 2015), comprising:

(I) Processes for excreta disposal and collection from the user interface – production and capture,
(II) Processes for excreta conveyance – collection and transport, and
(III) Processes for treatment until final disposal or reuse – treatment or disposal and reuse (CAWST &

EAWAG-Sandec, 2016; Jean-Marie, 2013; Wirmer, 2014; Zakaria et al., 2015).

For instance, in Kenya, an organization called Sanergy is proving that sanitation is about more than just
providing people with toilets. Sanergy has applied a service model that accounts for the entire sludge
management train, from toilet construction, to emptying and sludge transport, to final waste treatment
and conversion of the sludge into renewable energy or fertilizer (Templeton, 2015) (see Box 6.2). Hence,
sanitation technology development and practices are strongly rooted in the SSC and sanitation service
ladder (SSL).

5.2.2 Sanitation service ladder (SSL)
The SSL is based on an incremental toilet/latrine provision progression as it goes up the rungs of the ladder
and corresponds to levels of service delivery (Gine et al., 2011; Kvarnström et al., 2011; Lenton et al., 2005;
Wood et al., 1998), often used in varied situations as a tool to choose technology types in community-based
sanitation projects. The lowest rung is improved traditional practice and hygiene (which is not usually

Figure 5.2 Sanitation service chain (Source: Blackett & Hawkins, 2015).
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considered sustainable over a long period) and the highest level is ‘safely managed’ toilets/latrines, also
referred to as ‘improved sanitation facility’, which are not shared and where excreta is safely disposed of
in-situ or treated off site (Exley et al., 2014; Kvarnström et al., 2011; Potter et al., 2011; Thomas et al.,
2018; WHO/UNICEF, 2017).

There are two categories of sanitation technology related to the SSL: improved and unimproved facilities;
terms now used in the global monitoring of the progress of sanitation coverage by the WHO/UNICEF Joint
Monitoring Programme (JMP). The Sustainable Development Goals (SDGs) for the sanitation Joint
Monitoring Programme (JMP) were built on the classifications of the established improved/unimproved
facilities type and introduce new rungs with additional criteria relating to service levels that were lacking
in the Millennium Development Goals (MDGs) (pS-Eau, 2018; Thomas et al., 2018; WHO/UNICEF,
2017 – Box 5.1).

The SDGs address the hygiene targets that were not included in theMDGs, while the JMP also developed
a specific ladder for handwashing with soap and water. Hygiene is here defined as ‘the conditions and
practices that help maintain health and prevent diseases including handwashing, menstrual hygiene
management and food hygiene’ (Thomas et al., 2018; WHO/UNICEF, 2015a, b). The new SSL reveals
the change in approach between the MDGs and SDGs, which focuses on the entire sanitation service
chain (SSC) (Figure 5.3). Based on the improved and unimproved facilities categorization and national
survey data, WHO/UNICEF JMP estimated that 5 billion people were using improved sanitation
facilities in 2015, whereas 2.4 billion were using unimproved sanitation facilities (Baum et al., 2013;
WHO/UNICEF, 2017). Studies have shown that most of the improved technologies of countries of the
southern hemisphere are not designed, constructed, installed, operated and maintained based on
standards and there are no adequate codes of practice put in place to ensure regenerative infrastructure.

However, these classified technologies raised certain criticisms within the sector due to the exclusion of
certain technologies like composting and urine-diverting toilets (UDT) from the list of approved
technologies, although composting toilets were later added (Kvarnström et al., 2011). In addition, these
classifications do not indicate specific standard requirements for improved facilities such as design,
construction, installation, etc. and do not easily allow for the inclusion of new, innovative and functional
technology options (Kvarnström et al., 2011; Potter et al., 2011). For instance, globally, septic tanks
account for 56% of on-site improved sanitation facilities in urban settings and 38% in rural areas. While

BOX 5.1 SDGS SANITATION SERVICE LADDER (SSL) (PS-EAU, 2018; PS-EAU, 2018;
THOMAS ET AL., 2018).

(I) Safely managed services: private improved facility where faecal wastes are safely disposed on
site or transported and treated off site; plus a handwashing facility with soap and water;

(II) Basic service: private improved facility that separates excreta from human contact;
(III) Limited service: improved facility shared with other households. Improved sanitation facilities

include flush/pour flush to piped sewer, septic tank or pit latrine; composting toilet or pit latrine
with slab;

(IV) Unimproved service: unimproved facility that does not separate excreta from human contact.
Unimproved sanitation facilities include pit latrines without a slab or platform, hanging latrines
and bucket latrines.

(V) No service: open defecation
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septic tanks have certain defining design features (including watertight walls and floors, multiple chambers
separated by baffles and an outlet pipe leading to a soakpit or leachfield), many on-site systems lack these
features, and should actually be classified as simple vaults or cesspools (WHO/UNICEF, 2017). The SSL
also specifies the level of services that are provided across the SSC from containment to end-disposal or
processing and use.

The combination of SSL and SSC produces or leads to a framework that shows compositions and
functionalities of sanitation infrastructure in many towns and cities, especially in developing countries,
as having a mixture of non-sewered and sewered facilities and services (Hawkins et al., 2013;
UN-Water, 2015). This is illustrated by using the ‘faecal waste flow diagram’ (FWFD) –often referred to
as a shit flow diagram (SFD) – developed by Peal et al. (2014a, b), which shows the different pathways
faecal waste takes along the SSC – a pictorial representation that summarizes city-level outcomes and
highlights bottlenecks in faecal waste management (CAWST & EAWAG-Sandec, 2016; WSP, 2014).
The application of SFD provides a robust overview of the challenges of sanitation infrastructural
standardization in Dhaka, Bangladesh caused by inadequate and poorly managed sanitation facilities.

Figure 5.3 Sanitation service ladder, with a comparison between the MDGs and SDGs (Reprinted from The
Sustainable Development Goals for Water and Sanitation Services. Interpreting the Targets and Indicators,
2018, with permission from Programme Solidarité Eau, Paris: pS-Eau. www.pseau.org/en/agenda-2030).
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Figure 5.4 illustrates these problems where 20% of faecal waste is sewered and 79% goes to non-sewered
containment (Peal et al., 2014a, b; UN-Water, 2015). The width of the arrows and the percentages in the
diagram represent the proportion of the population whose faecal waste takes each route. Although nearly
all waste is effectively contained at the household level, poorly designed, constructed, operated and
unsafely managed on-site facilities combined with highly inadequate sewerage and wastewater treatment
mean that faecal waste is distributed throughout the urban environment of Dhaka. This is because the
downstream end of the SSC is still deficient and only a tiny percentage (2%) of the waste generated is
treated adequately prior to disposal (Peal et al., 2014a, b; UN-Water, 2015; WSP, 2014). The Dhaka
case strongly supports the argument for extending boundaries of sanitation management from households
to sani-sheds as it could contribute greatly to service improvement and better sanitation infrastructural
management.

Figure 5.4 Faecal waste flows in Dhaka, Bangladesh (Source: Peal et al., 2014a, b).

Regenerative Sanitation: A New Paradigm for Sanitation 4.0148

Downloaded from http://iwa.silverchair.com/ebooks/book/chapter-pdf/869429/9781780409689_0141.pdf
by guest
on 22 May 2023



5.2.3 Sanitation technology selection support tools
Sanitation technology selection support tools are products that combine information onusers’given situations
with information on available technologies and options helping practitioners to select the best available
technology or approach (Palaniappan et al., 2008). However, it has been noted that decision support tools
may not be able to enhance applicability and scalability of promising technologies and service models;
certainly not without adequate and appropriate standards. The main challenge facing these policies,
especially in sub-Saharan African countries, is a lack of specification for minimum technology options,
designs and services standards (Nakagiri et al., 2016; Potter et al., 2011; WEDC, 2005). Just as has been
noted in the previous section, the SSL has no service indicators, is restricted to only ‘listed’ technological
options, is not open to innovations and, even though it could be useful for monitoring service
improvement and coverage expansion, it is not backed up with technical and structural standard
specifications. This will pose a great hindrance to technology selection as it is basically propped upon the
SSL (Potter et al., 2011). It is, therefore, not surprising that similar technological solutions implemented
within the same geographical region may not produce similar results owing to a lack of infrastructure
standards. A study that reviewed sanitation policies of nine countries noted that only South Africa,
Mozambique and Ghana had adopted VIPs as their minimum sanitation technology, with no specific
technical and industrial standards issued by these countries’ national standards bodies to drive
technological innovations (Nakagiri et al., 2016; Potter et al., 2011; WEDC, 2005). In essence, the use of
selection support tools only assisted decision-makers in these countries to select facilities such as the VIP
option, but obviously could not guarantee functionality, quality or performance or even inspire innovations.

For instance, in SouthAfrica, several studies observed that the upscaling and delivery of theVIPs and their
derivatives, aswell as the urine-diversion technologies,were challengedby inadequate technical specification
standards for design and construction (Bhagwan et al., 2008; Still et al., 2010; Still & Foxon, 2012a–c). In
addition, conflicting advice on what should be put into the pits to keep them operating well, poor
construction resulting in structural integrity and lack of the necessary anaerobic activity in the pit all
indicated non-adherence to standards so the pits filled up much faster than their design life. The study
called for an urgent and thorough understanding of the VIP technology so that it could be more effective
and its potential optimized. Unfortunately, there is still little or no research done on VIPs’ standardization,
especially on the degradation mechanism or processes occurring in VIP latrines (Bhagwan et al., 2008).

In Nigeria, with an estimated sanitation infrastructure of latrines (37.98%), septic tank (17.83%) and
sewer (9.9%) (WHO/UNICEF, 2017), 30.1% of Nigerian households use improved sanitation facilities
that are not shared with other households (25.1% in rural and 36.6% in urban areas), while 39.9% and
15.5% of rural and urban households, respectively, still lack access to sanitation facilities (Abubakar,
2017). Within the same period, the proportion of the population defecating in the open has increased
from 24% to 25% (UNICEF/WHO, 2015) and, sadly, access to improved sanitation declined from 38%
of the population in 1990 to 29% in 2015, while several studies still reveal an alarming rate of
infrastructural depreciation due to non-existent nationally recognized and adopted standards. There are
no acceptable technical specifications and industry standards for the design, construction and installation
of sanitation infrastructures in Nigeria (Adelegan & Ojo, 1999; Cookey, 2013; Cookey et al., 2016;
NDHS, 2008; NISER, 2010; Sridhar, 1995). Particularly, a study in the oil and gas city of Port Harcourt
(a metro-cosmopolitan city with a population of about 2 million people) reported that technical
specifications for products, services and systems performance as well as regulations, guides and codes of
practice for septic tanks and latrines were completely absent (Cookey, 2013; Cookey et al., 2016).

Similar situations were reported in Indonesia and Vietnam, where 85% to 90% of urban citizens rely on
septic tanks and latrines for human waste disposal, as well as in the Philippines where 85% of households
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have septic tanks, in Sri Lanka where it’s 77% and Indonesia where it’s 62%. These studies revealed that
national standards for design and construction of septic tanks and other on-site sanitation systems were
inadequate, and in most cases not known and never applied, which often resulted in sub-standard
sanitation infrastructure (AECOM & SANDEC, 2010; WSP, 2015). Therefore, to ensure replicability
and scalability ReGenSan TeS advocates for the development and adoption of internationally, regionally
and nationally recognizable technical standard specifications for products, services and systems to drive
sanitation infrastructural improvement and access expansion that go beyond the SSC and SSL.

5.2.4 Non-sewered sanitation infrastructure
Non-sewered sanitation is a technology in which excreta and used water are collected and stored in the
location where they are produced. Usually, the faecal sludge generated from the facilities has to be
transported off site for treatment, use or disposal and is often called on-plot, on-site or decentralized
sanitation (CAWST & EAWAG-Sandec, 2016; Verhagen & Carrasco, 2013) (see Section 2.3.4). It is the
predominant sanitation service model in developing countries. Globally, inadequate non-sewered
infrastructure still provides services to most developing countries and evidence suggests that many
constructed on-site sanitation systems (OSS) have extremely high abandonment rates of up to 42% due to
failure that leads to the attendant public and environmental health impacts (CSIR, 2007; Fewtrell et al.,
2007; Kaminsky & Javernick-Will, 2015; Rodgers et al., 2007; WSP, 2007). For instance, a study in
Ghana shows that many of the existing sanitation facilities are in disrepair and only 10% of the wastewater
and faecal sludge treatment plants function as planned (Murray&Drechsel, 2009;Murray&Buckley, 2009).

These technologies are obviously not yet considered to be fully fledged alternatives to centralized
infrastructure because of the deficiencies of the currently available configurations, as well as uncertainty
about functionality, reliability and cost-effectiveness in the near future (Truffer et al., 2013). A
households study on latrine coverage in some rural communities of Ethiopia showed that 56.9% of the
latrines were dysfunctional and required maintenance, even though 52.6% of these latrines were
constructed only two or more years prior to the time of the study (Awoke & Muche, 2013). Sanitation
infrastructure in developing countries faces numerous challenges, with very few focus researches
targeted towards resolving it.

For example, septic tanks, currently adjudged as one of the improved facility, have essentially retained
their original design from the 1860s (Bradley et al., 2002) and in the global South, the designs are still
rudimentary and poorly constructed (Lüthi & Panesar, 2013). There are, however, some pockets of
scaled-up technological innovations such as the Chinese three-chamber septic tanks (Cheng et al., 2017;
Fan et al., 2017; Hu et al., 2016); the anaerobic baffled reactor (ABR) that uses baffles to optimize
treatment could be referred to as an ‘improved’ septic tank, but is not widely applied (Foxon et al., 2004;
Tilley et al., 2014b; Ulrich et al., 2009); the solar septic tank that utilizes solar energy to inactivate the
pathogens and increase sludge biodegradability (Koottatep et al., 2014, 2015, 2016; Pussayanavin et al.,
2015 – see section Box 3.3) and septic tank effluent drainage/pumped (STED/STEP) infrastructure that
provides effluent sewer services treatment in a communal facility to millions of small communities in
Australia and USA (Gardner & Sharma, 2013; Lyle, 1994; Orenco System, 2017).

The only upgrades to traditional pit latrines are the VIP latrines and biogas latrines such as the Sulabh
biogas toilet system (India), Kibera biogas toilet (Kenya) (Katukiza et al., 2012; Nakagiri et al., 2016)
(see Figure 7.2) and the Chinese biogas production technology for domestic sewage treatment in rural
communities, which has been used to replace septic tanks in treating domestic sewage and faecal sludge
(Cheng et al., 2013, 2017; Jiang et al., 2011) (see Table 5.2). Despite this progress, understanding is still
deficient in issues of odour as well as insect, reptile and rodent nuisances, and rapid filling of facilities
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such as pit latrines, cesspits and septic tanks that defy their design lifespan (Bhagwan et al., 2008; Medland
et al., 2016; Nakagiri et al., 2016; Still & Foxon, 2012a–c). Design characteristics and other factors that
cause some pits to fill more quickly than others are not well understood and very little is known of the
physical characteristics of the faecal sludge that accumulates in pit latrines (Templeton, 2015 – see
Section 4.2.3).

As a way of solving odour problems, studies have recommended ventilation criteria for odourless
conditions in VIP latrines from two air changes per hour (2 ACH) in the superstructure (ASHRAE,
2005), six ACH (6 ACH) (Mara & Ryan, 1983) and 8-20 ACH (Viessman, 1964). For instance, the
value of 6 ACH fell within the indoor air quality standards for a toilet room in the UK, at the time Mara
and Ryan (1983) carried out their study. Therefore, considering the fact that the superstructures of the
VIP are generally larger in air volume than those that were used to determine 6 ACH as a reasonable
rate, how could such designs be achieved? What is the actual ACH value required for odourless
conditions in VIP latrines? (Dumpert, 2008).

Management or treatment of faecal sludge from these ‘improved’ on-site latrines/toilets technologies is a
major challenge even though it was not included in the definition of what constitutes improved sanitation
facilities (Dodane et al., 2012). Most developing countries do not have faecal sludge treatment standards
and it is estimated that 1.2 billion urban residents are in need of FSM services and this number will
increase (Templeton, 2015). Furthermore, it is unrealistic to adopt standards from industrialized countries
that were established based on their peculiar conditions, technological availabilities and institutional
climates, which are quite different from less developed countries’ situations (Ingallinella et al., 2002).
Hence, comprehensive FSM from on-site sanitation (OSS) installations remains a major challenge for
developing countries (Dodane et al., 2012). This is best illustrated by Figure 5.5a, which shows a typical
example of the FSM gap of incomplete pit-based sanitation infrastructure; missing conveyance, treatment
and safe disposal, resulting in uncontrolled discharge of untreated faecal sludge. Figure 5.5b shows the
infrastructure missing in Figure 5.5a based on the SSC and the roles of various entities (see Chapter 4,
Figure 4.1, Tables 4.1 and 4.2), with specific reference to SMEs (see Section 4.3.2), which are currently
lacking in most developing countries (Tilley, 2013).

Figure 5.5 (a) A typical example of incomplete pit-based sanitation infrastructure, missing conveyance,
treatment and safe disposal; (b) A complete pit-based sanitation infrastructure with appropriate
technologies identified for each SSC (Source: Tilley, 2013).
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However, Figure 5.1b is impeded at scale levels of households, which are limited by the boundary
restrictions of individual facilities, which do not complete the service chain. To this effect, the concept of
ReGenSan ‘sani-sheds’ provides opportunities to extend the boundaries of sanitation infrastructure to
accommodate the processes of the pit-based SSC. Several studies have confirmed that BGC cycling
processes in latrine infrastructures are not properly understood and this may be responsible for breakage
of the complex processes of the SSC and the resultant inadequate service delivery (Bhagwan et al.,
2008; Lyle, 1994; Medland et al., 2016; Nakagiri et al., 2016; Still, 2010) (see Section 4.2.3).

5.2.5 Sewered sanitation infrastructure
Sanitation systems that transport wastewater through a pipe network (such as a simplified sewer, solid
free sewer or conventional sewer) to another location for treatment, use or discharge are often called a
sewer system, sewerage system, sewers, connected sanitation or networked sanitation (CAWST &
EAWAG-Sandec, 2016) (see Section 2.3.3). They consist of three basic systemic components: (i)
wastewater collection comprising large pipes, pumping systems and various access routes that cost more
than 60% of the total budget of the whole wastewater management system budgets (Zaharia, 2017), (ii)
wastewater treatment, a complex set of concurrent mechanical, physico-chemical and biological processes
that can be broadly categorized into: activated sludge, rotating biological contactor (RBC) and trickling
filter (Bayo et al., 2006; Boujelben et al., 2017; Cardot, 1999) and (iii) treated wastewater disposal or
reuse, which has particularly attracted increasing attention because wastewater can be treated and reused
for a variety of purposes (Boujelben et al., 2017;Grant et al., 2012;Wilderer&Schreff, 2000; Zaharia, 2017).

Studies have shown that sewered infrastructure faces challenges in both developed and developing
countries. In developed countries, ageing sewered infrastructure is primarily responsible for deterioration
and failure because most of the sewers date back over 100 years to the nineteenth century, when brick
sewers were common (Ahmadi et al., 2015; Ashley & Hopkinson, 2002; Brown & Caldwell, 1984;
Corcoran et al., 2010; Diagne, 2013; El-Sheikh, 2011; Fenner & Saward, 2004; Kemp, 2000;
Miszta-Kruk, 2016; Qasem et al., 2009; Reynolds & Barrett, 2003; USEPA, 1991a, b). When sewer
systems deteriorate, water from excessive infiltration and inflow enters the system, resulting in decreased
capacity that also affects treatment facilities, and increased hydraulic loading at collection and treatment
facilities, then consequently increased capital and operation and maintenance costs. A recent study
conducted by Statistics Canada (2008) reported that the average age of Canada’s wastewater treatment
facilities has been increasing steadily since the 1970s. Wastewater treatment facilities exceeded 63% of
their service life by the end of the year 2007 on a national scale (Qasem et al., 2009) and in 2015, the
percentage of the remaining useful service life of sewage facilities decreased to 62.6% (Statistics
Canada, 2015). Many studies showed that the USA and Canada’s wastewater treatment infrastructures
are deteriorating and are approaching their project service life faster than other public infrastructural
assets (roads, bridges, water supply systems, wastewater treatment facilities and sewer systems) as
shown in Figure 5.6 (Qasem et al., 2009; Statistics Canada, 2008; Vanier & Rahman, 2004).

A survey of 27 sewage-treatment works in the Thames Water area in the UK concluded that infiltration
normally accounts for over 50% of all flows and, in some cases, up to 75% of flows (Fiddes & Simmonds,
1981; Reynolds & Barrett, 2003). Recent studies have implicated exfiltration (leakage) from sewers for
contamination of deep groundwater as against previous assumptions that microbiological contaminants
will be attenuated by filtration, adsorption and die-off at shallow levels (Fairbain, 1996; Powell et al.,
2000, 2001). This has serious implications for the potential utilization of urban groundwater resources
and for rural boreholes in the vicinity of sewage sources (Reynolds & Barrett, 2003). In the same way,
sewered infrastructure in Japan faced high-level threats from ageing and recorded a high number of
failed sewers, which were responsible for about 4000 cases of sinkholes annually (JSWA, 2016).
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Meanwhile, in Europe the proportion of population connected to wastewater treatment facilities ranges
from 7% (Macedonia) to 99% (UK), with the majority of the EU nations being between 50% and 80%
connected (Brands, 2014; Eurostat, 2011). Regulators in the UK reported that about 23% of the sewers
in England and Wales are in Grades 3 to 5. Grade 3 sewers have deformations of up to 5%, i.e. cracking,
fractures, joint defects or badly made connections, while Grade 5 sewers are in a state of collapse
(Ashley & Hopkinson, 2002; OFWAT, 2000). In the United States of America (USA), there are about
16,000 wastewater treatment systems that serve approximately 70% of the population, with the
remainder serviced by decentralized systems such as septic tanks (Tchobanoglous & Leverenz (2013);
USEPA, 2010). There are over 459,815 km of sewer pipes and more than 12 million manhole fixtures
associated with public wastewater systems, and another 310,686 km of lateral sewer pipes connecting
private buildings and industries to public sewers in the USA (USEPA, 2010). A report from the USA
wastewater infrastructure system grade had dropped from [C] in 1988 to [D-] in 2005 (Brands, 2014;
Qasem et al., 2009). The most recent grading from the American Society of Civil Engineers is of [D+]:
that is, the infrastructure is in poor to fair condition and mostly below standard, which may compromise
service reliability (ASCE, 2017).

In developing countries, sewered treatment infrastructure failure may not necessarily be attributed to age,
but is most likely due to inadequate implementation strategies (Cuppens et al., 2013; IWA, 2006).
Implementation of sewered infrastructure in developing countries puts more emphasis on technology
than on the process of solution identification, technology transfer and capacity-building mechanisms,
which are crucial factors for the long-term success of sanitation infrastructure (Murphy et al., 2009).
Experience in Brazil has shown that when technologies with proven efficiency in developing countries
are selected, there is still no guarantee of a satisfying performance of wastewater treatment plants in
practice (Von Sperling & Oliveira, 2007). The observed poor performance and failure of treatment
facilities cannot be attributed to the treatment processes per se but rather to design, operations and
maintenance problems as well as poor standards and regulatory environment (Oliveira & Von Sperling,
2008). Even when new infrastructure are constructed, too little attention is given to why existing ones
failed and/or are not performing well. The stories behind these poorly functioning facilities hardly reach
decision-makers, researchers and consultants involved in sanitation (Cuppens et al., 2013).

In a classic case, a limited sewer collection bottleneck was reported from the Kaliti wastewater treatment
in Addis Ababa, the capital of Ethiopia. The Kaliti treatment plant was designed in 1982 to serve 50,000

Figure 5.6 Canada’s infrastructures remaining service life (Source: Qasem et al., 2009).
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people and, after 30 years of development, was only able to serve 13,000 people. One of the attributed
reasons is insufficient connection from houses to municipal sewerage pipelines. The rate of connection is
still very low with no improvement since 1993, and only 3% of wastewater of the city is treated in the
facility (Abiye et al., 2009; Wang et al., 2014). This is also similar to China, which had more than 3437
wastewater treatment plants in 2015; however, quite a large number of them are not operating because of
incomplete drainage networks (especially in rural areas) to connect households to the treatment
infrastructure (Cheng et al., 2017; Giovanni et al., 2012). Another case is the Kisumu district in Kenya,
where all three of the existing pump stations are broken down, resulting in overflow of sewage directly
into Lake Victoria (Parkman et al., 2008; Wang et al., 2014).

The cost implications of sanitation infrastructure failures, dysfunctionalities and inadequacies are
enormous for both developed and developing countries. For example, the cost of dysfunctional
non-sewered infrastructure to 18 African countries is estimated to be USD 5.5 billion per year (Bartram &
Cairncross, 2010; Bos & Gijzen, 2005; Cheng et al., 2012; Ekane et al., 2014; Fewtrell et al., 2005; Pruss
et al., 2002; Prüss-Üstün et al., 2008; UNDP, 2006; WSP, 2014; Yardley, 2010), while an estimated 1
billion euros are invested annually for sewer rehabilitation in the Netherlands (Korving et al., 2003).
In the USA, the capital investment needed for repairs of existing sewered systems is estimated to be
nearly USD 300 billion for the next decades (Brands, 2014; USEPA, 2008b), with an annual expenditure
of approximately USD 10 billion required for upgrading existing wastewater collection systems and
USD 45 billion for controlling combined sewer overflows (Ahmadi et al., 2015; ASCE/WEF, 1994). In
France, about 3 billion euros is required annually for rehabilitation of ageing sewer infrastructure by
2020 (Ahmadi, 2015; Le Gauffre & Cherqui, 2009). Hence, to safeguard proper functioning of the
sanitation infrastructure over time, appropriate strategies to address the challenges that hinder
sustainability are crucial.

5.3 SANITATION INFRASTRUCTURE STANDARDIZATION (SIS)
Essentially, standards create uniformity, scalability and replicability that eventually lead to affordability, and
encourage return on investment (NOWRA, 2007; Starkl et al., 2015). If properly executed, standards will
take sanitation infrastructural solutions and management way beyond 2030, particularly since
non-standardized sanitation infrastructure will not be able to meet the required standard quality for
effluents discharged into the environment. It is indicative, then, that adequate and appropriate standards
for centralized and decentralized sanitation technology, design, development, delivery and use (which
are broad and specific, global and localized) are crucial for the achievement of the SDG targets. Already,
centralized and decentralized sanitation infrastructure and service delivery in most developed countries
are based on agreed and acceptable standards, even though there are still issues for review in the face of
current challenges (HES, 2014; USEPA, 2008a, b); however, developing countries continue to struggle
with both centralized and decentralized options, mainly due to no standards and/or sub-standard designs,
installations, construction, usage and policy/legislative instruments (CSIR, 2007; Kaminsky &
Javernick-Will, 2015; Rodgers et al., 2007; WSP, 2007).

Standards are key to institutional frameworks for sanitation management at all levels, specifically
because they are required to support regulatory instruments and are necessary for policy/legislative
implementation as well as compliance monitoring. For standards to be effective and practical, they need
to reflect specific local, contextual, ecological and indigenous conditions; and so should

(I) Incorporate global standard frameworks,
(II) Understand the local SES and sani-sheds,
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(III) Incorporate local natural systems and indigenous ecological knowledge, and
(IV) Conform to national, state and local policy/legislative framework on sanitation.

This implies that sanitation infrastructure standards should draw considerably from local adaptations in
specific applicable contexts. For instance, in the case of greywater recycling, each installation has to be
optimized to the specific building context and the targeted water reuse options (Truffer et al., 2013).
Consequently, the objectives for sanitation infrastructure standardization in ReGenSan TeS include, but
are not limited to, the following:

(I) Translate the SDG 6 targets of ‘safely-managed’ facilities at local levels to affordable and quality
technologies for sanitation infrastructure;

(II) Facilitate the use of a uniform classification process for components of sanitation infrastructure;
(III) Ensure applicability, scalability and replicability of technological solutions that maintain the same

quality irrespective of locations;
(IV) Develop and promote industrial and technical standards for entrepreneurs and manufacturers that

support innovative and regenerative solutions to enhance return on investments;
(V) Enhance recognizable products, services and certifications for the much-needed global improved

sanitation (Gasiorowski-Denis, 2018; Lazarte, 2016; NOWRA, 2007; Starkl et al., 2015).

Generally, standardization involves a process of collaborative production, dissemination and
implementation of technology to create ‘standards’ (Feng, 2003; Russell, 2005). The information is then
collated in a document that provides requirements, specifications, guidelines and characteristics, which
could consistently be used to ensure that materials, products, processes and services are fit for purpose
(Hatto, 2010; ISO, 2018; Starkl et al., 2015). These standards can then be included in international,
regional and local normative documents developed and established from a consensus agreement between
stakeholders in the field of sanitation and related disciplines and occupations. Standards could include
test methods, technical specifications for products, services, system performance, technical regulations,
guides and codes of practice, terminology and organization management systems (Feng, 2003; ISO,
2018; Russell, 2005), according to the following descriptions:

(I) Terminology – a set of terms and definitions to help harmonise the use of language in the
sanitation sector,

(II) Specification standards – define characteristics of a product (product standards), or service
(service activities standards) and their performance thresholds such as fitness for use, interface
and interoperability, health, safety and environmental protection;

(III) Test methods and analysis standards – are highly prescriptive, setting out an agreed way of
measuring, testing or specifying what is reliably repeatable in different circumstances and
places, wherever it needs to be applied;

(IV) Codes of practice – recommend sound good practice as currently undertaken by competent and
conscientious practitioners in the field. They are drafted to incorporate a degree of flexibility in
application, while offering reliable indicative benchmarks,

(V) Treatment standards – define the minimum acceptable parameters treatment systems are required
to comply with by setting the point prior to release to the receiving environment; and,

(VI) Management systems standards – define the policies, processes and procedures that organizations
use to manage the interrelated parts of its business in order to achieve its objectives. These
objectives can relate to a number of different topics, including product or service quality,
operational efficiency, environmental performance, occupational health and safety and many
more (Hatto, 2010; ISO, 2018).
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The most widely and commonly used standards in the sanitation sector are ‘test methods’ and ‘treatment’
standards. Others are seriously lacking, especially in developing countries, where standardized test
methods are used to determine treatment regimens for non-standardized infrastructure. It should also be
noted that undue haste in adopting standards that are too high or too low can lead to the use of
inappropriate technology or unaffordable objectives. It is better to set appropriate and affordable
sanitation-related standards and to have a phased approach for improving these standards that will allow
for enough time to develop capacity and skills to deliver on these standards. In addition, it is important
to allow for the maturation of these standards’ requirements into suitable regulatory frameworks with
matching institutional instruments and appropriate enforcement mechanisms (Gutterer & Reuter, 2016).

Standards and regulations should work together because standards are voluntary codes with which there
are no legal obligations to comply, while regulations specify legally enforceable requirements and
non-compliance leads to sanctions. In addition, standards can be used to demonstrate compliance with
regulations (Hatto, 2010). Standards, policies and regulatory frameworks are needed for effective
sanitation technologies and infrastructural advancement and practice, which seems to elude most
countries with a huge sanitation burden, especially countries of central and southern Asia, Oceania and
sub-Saharan Africa. Even though these countries have attained some levels of progress in the
development of national sanitation norms and policies, they still have weak prescriptive and
performance-based regulatory frameworks, including the absence of technical standards for material,
product, process and service specifications. Thus, the anticipated infrastructural and service level
improvement from the combined effect of policies and standards may not be effective since sanitation
policies have no standard specifications to support their actual progress.

Previous efforts for SIS were targeted at sewered technologies (Jean-Marie, 2013), based on the
assumption that non-sewered provisions were primarily temporary stop-gaps (USEPA, 1997). In 1947,
10 states in the Great Lakes-Upper Mississippi River region of the USA (Illinois, Indiana, Iowa,
Michigan, Minnesota, Missouri, New York, Ohio, Pennsylvania and Wisconsin) came together to review
and upgrade existing design standards for sewer works and produced a joint standards publication in
1951. These standards have since influenced the upscaling of sewer works and have been revised several
times up to 2014 (EUWATER Network, 2005; HES, 2014; USEPA, 2008a; USEPA, 2009). Europe also
has several standards for design, construction and operations of sewer systems, driven by the European
Union and used by all the 18 countries of the European Committee for Standardization (CEN). These
standards set out basic provisions, common to all user countries, and include annexes with additional
information that references each country’s national standards, codes, guides and other relevant technical
information (CPDA, 2001). In spite of these advances in the standardization of sewered infrastructure,
there are still increasing records of huge infrastructural operations and maintenance costs and high rates
of ageing and deterioration, as well as engineering inefficiencies with regard to nutrient losses, energy
demand, resource conservation and recovery and reuse (Brands, 2014). This indicates an urgent need for
innovative and sustainable standard frameworks to retrofit existing infrastructure.

5.3.1 Sanitation infrastructure standards (SIs)
Standardizing sanitation infrastructure provides a framework for design, development and use of sanitation
technologies as well as the systemic interactions/linkages that make up the whole infrastructure. The
process of standardization enhances consensus among engineers, scientists, policymakers and users at all
affected levels and encourages participation in setting and applying agreed rules of practice, where
options for development and maintenance of ‘safely managed’ infrastructure and the costs benefits
associated with such options are clearly understood (NOWRA, 2007). It demands manufacturing
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competence that goes beyond plumbing, piping and tank productions, essentially, for decentralized plant
manufacturers (Olsson, 2013). The technical basis of a new standard is usually established through the
preparation and submission of a proposal to relevant standard organizations, in this case the International
Standards Organization (ISO). The proposal is then circulated to members for evaluation – three
questions are normally asked:

(I) Is there a need?
(II) Are there existing standards that are relevant?, and
(III) Will you participate?

If approved, a technical committee is formed and drafts are produced over time, such as:

(I) Working draft,
(II) Committee draft,
(III) Draft standard,
(IV) Final draft standard, and
(V) Published standard.

The whole standard development process normally takes about three years of completion through all stages,
with a mandatory review after five years (Ellison, 2017). There are some notable formal and informal
standards in the sanitation sector, which could serve as foundations or guidelines towards developing
specific and far-reaching standards that deal with current global and local sanitation challenges. The
formal sanitation standards (FSS) are approved or adopted by national, regional or international
standard bodies (Box 5.2). International standard bodies such as the ISO comprise members of
approximately 160 countries’ recognized National Standard Bodies (NSBs). Regional standard bodies
are regional countries’ organizational standard bodies, such as the European Union Committee for
Standardization (Comité Européen de Normalisation – CEN), the Pacific Area Standards Congress
(PASC), the Pan American Standards Commission (COPANT), the African Organization for
Standardization (ARSO), the South Asian Regional Standards Organization (SARSO), etc.

BOX 5.2 SOME FORMAL INTERNATIONAL STANDARDS FOR SANITATION
TECHNOLOGY SOLUTIONS

(I) ISO 24521: 2016 – Guidelines for the management of basic on-site domestic water services:
guidelines for managing basic on-site domestic wastewater services and using technologies in
their entirety at any level of development, as applicable (ISO, 2016);

(II) ISO 24516-3:2017 – Specific guidelines for technical aspects, tools and good practices for the
managing of assets of wastewater networks to maintain value from existing assets. Applicable
to all types and sizes of organizations and/or utilities operating wastewater networks, and all
different roles/functions for the management of assets within a utility (e.g. asset
owner/responsible body, asset manager/operator, service provider/operator) (ISO, 2018);

(III) ISO 24516–4:2017 – Specific guidelines for technical management of the following individual
assets: wastewater pumping stations, retention and detention in the network, wastewater
treatment plants and sludge treatment facilities (ISO, 2018);

(IV) ISO 22094:2017 – Non-Sewered sanitation systems – General safety and performance
requirements for design and testing of existing on-site sanitation systems: This standard
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The informal sanitation standards (ISS) are published by other standard development organizations
(SDO) such as ASTM International (previously American Society for Testing Materials), NSF International
(formerly National Sanitation Foundation), and International Social and Environmental Accreditation
and Labeling (ISEAL) (Box 5.3). For instance, most states in the US have adapted the ANSI/NSF
International standard for certifying sanitation technologies, which require that products are tested at a
national testing laboratory. The certification ensures that only safe designs be permitted and some
commercial composting toilets models are ANSI/NSF International certified (Anand & Apul, 2014). These
standards are, however, not context-specific and may be unable to address and meet the design,
construction, installation and user needs of most challenged countries, particularly in developing countries.

specifies technical requirements, test methods and sustainability considerations for non-sewered
sanitation systems. A non-sewered system for the purpose of this standard is a sanitation system
that: (i) is not connected to a networked sewer system, and (ii) collects, conveys and fully treats
the specific input to allow for safe reuse or disposal of the generated output (IWA, 24:2016);

(V) ISO 30500:2018 – Non-sewered sanitation systems – Prefabricated integrated treatment units –
General safety and performance requirements for design and testing. This standard enhances
the effectiveness and availability/appropriateness of the next generation of on-site plants by
providing guidance on designing and testing (ISO/DIS, 2018)

(VI) ISO/////NP 23457: 2018 – Community-scale resource oriented sanitation treatment systems: the
standard under-development on completion will define requirements and test methods to
ensure safety, performance and sustainability of community-scale resource-oriented faecal
sludge treatment units that serve approximately 1000 to 100,000 people. The standard will
apply to treatment units that (a) primarily treat human excreta, (b) are able to operate in
non-sewered and off-grid environments and (c) are prefabricated. The standard will not apply
to sanitation treatment units requiring sewer infrastructure or electric grid access. Additionally,
treatment units to which the standard will apply exhibit resource recovery capability (e.g.
energy, drinking water, fertilizer) and are capable of being energy-independent or energy net
positive. The standard is intended to ensure the general performance, safety and sustainability
of such units (ISO/NP, 2018).

(VII) EN 12566 – Small wastewater treatment systems for up to 50 population total (PT) refers to a set
of European standards that specifies the general requirements for packaged and/or site
assembled wastewater treatment plants used for domestic wastewater treatment for up to 50
PT (BS EN, 2016).

BOX 5.3 SOME INFORMAL INTERNATIONAL STANDARDS FOR ON-SITE SANITATION
SOLUTIONS DEVELOPED BY NSF INTERNATIONAL AND AMERICAN NATIONAL

STANDARDS INSTITUTE (ANSI)

(I) NSF/ANSI Standard 350 and 350-1: on-site reuse treatment systems – establishes material,
design, construction and performance requirements for on-site residential and commercial
water reuse treatment systems, including greywater treatment systems (NSF/ANSI, 2011);

(II) NSF/ANSI Standard 40: residential wastewater treatment systems – establishes standards for
residential wastewater treatment systems with rated capacities between 400 and 1500 gallons
(1514 and 5678 litres) per day (NSF/ANSI, 2010a);
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The national standard bodies (NSBs) of countries’ recognized standard agencies are responsible for
publishing formal national sanitation standards (FNSS) and are members of ISO. Some of them are,
ANSI, Standards Australia, British Standards Institution (BSI), Thai Industrial Standards Institute (TISI),
Standards Organisation of Nigeria (SON), South African Bureau of Standards (SABS) etc. (Box 5.4).

(III) NSF/ANSI Standard 360: Field performance verification – establishes wastewater treatment
systems’ field performance verification processes such as: consistent site selection, sampling,
laboratory analysis and data evaluation methods for obtaining field performance results for
on-site wastewater treatment systems (NSF/ANSI, 2010b);

(IV) NSF/ANSI Standard 41: non-liquid saturated treatment systems: certifies composting toilets and
similar treatment systems that do not use liquid saturated media as primary means of storing or
treating wastes (NSF/ANSI, 2016);

(V) NSF/ANSI Standard 46: Water treatment system components: establishes minimum material,
design, construction, product literature and performance requirements for components and
devices used in handling, treating, recycling, reusing or disposing wastewater. Components
and devices covered by this standard are intended for use with greywater, blackwater or both.
It also evaluates the performance of wastewater treatment system components and devices
such as grinder pumps, septic tank effluent filters, chlorination devices and UV disinfection
devices (NSF/ANSI, 2017).

(VI) (Source: NSF International, 2012)

BOX 5.4 SOME FORMAL NATIONAL STANDARDS FOR ON-SITE SANITATION
SOLUTIONS DEVELOPED BYAUSTRALIA/////NEW ZEALAND STANDARDS BODIES

(I) AS/NZS 1546.1:2008: on-site domestic wastewater treatment units (septic tanks) – establishes
performance requirements and performance criteria for septic tanks and enables manufacturers
to comply with the performance requirements and criteria. Thesewill enable certification bodies to
check that a product conforms to the Standard (AS/NZS 1546.1:2008);

(II) AS/NZS 1546.2:2008: on-site domestic wastewater treatment units (waterless composting
toilets) – establishes performance requirements for domestic waterless composting toilet
(WCT), performance evaluation test against which any conventional or innovative domestic
WCT may be assessed, and provides guidelines for the operation and maintenance of a
domestic WCT so that public health and environmental requirements will be met (AS/NZS
1546.2:2008);

(III) AS/NZS 1546.3:2008: on-site domestic wastewater treatment units (aerated wastewater
treatment systems) – sets out performance and design requirements, means of compliance
and specifications for testing aerated wastewater treatment systems and associated fittings. It
also provides guidance on installation, operation and maintenance requirements (AS/NZS
1546.3:2008).

(IV) AS/NZS 1547:2012: on-site domestic wastewater management – establishes performance
objectives, requirements and criteria to achieve sustainable and effective on-site domestic
wastewater management, and to protect public health and the environment (AS/NZS
1547:2012);

(V) AS/NZS 1546.4:2016: domestic greywater treatment systems – sets out requirements for the
design, commissioning, performance, installation and conformity testing of domestic greywater
treatment systems (DGTSs) and associated fittings for single domestic premises.
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5.3.2 Global challenge of SIS
To address the global challenge of inadequate standardization of sanitation infrastructures and practices,
especially for developing countries with huge deficits, international standard bodies such as ISO, ASTM
international and NSF International etc. are developing new sanitation and wastewater technical standard
specifications for products, services and resource recovery/reuse for sewer and non-sewer infrastructure.
SIs will enhance and support innovation of commercially produced sewered and non-sewered
technologies as well as help influence adoption of standards into alternative sanitation infrastructures
produced locally or by users themselves (which constitutes the bulk of the sanitation infrastructure in
developing countries). The role of international standards will be to provide the guide and overall global
architecture for the development of more specific and minimum mandatory national and local technical
standards for all categories of sanitation products, materials and services. Evidently, countries with
appropriate national SIs that are supported with sound regulatory frameworks for sewered and
non-sewered technologies, coupled with strong incentives for compliance and enforcement, performed
better in the global JMP sanitation coverage monitoring reports (WHO/UNICEF, 2017).

A report on the performance of decentralized wastewater treatment plants (systems serving 1–100
persons) in EU countries showed that the quality performance of sanitation infrastructure was strongly
influenced by the European Urban Wastewater Treatment Directives (UWWTD: 91/271/EEC),
European Union Standards on Small Wastewater Treatment Systems and specific countries’ sanitation
infrastructure standards, and well supported with each country’s regulatory framework (EU, 1991; BS
EN, 2016). A particularly interesting case study is Austria, with 96.78% safely managed and 0.03%
unimproved sanitation infrastructure. The country has developed adequate and appropriate standards for
the design, installation, operations and maintenance of sewered and non-sewered infrastructure. Austria’s
decentralized wastewater treatment plants are guided by norms for application, size, building and usage
of individual treatment plants with standards specified in ONORM B 2502-1:2001. The norm does not
specify binding discharge limits, but states that wastewater will be suitable when the design, installation,
operations and maintenance are carried out according to the rules, and it should be possible to obtain the
required effluent characteristics (Bisschops et al., 2006).

Ireland, with 87.73% safely managed, 8.36% limited, 2.93% basic and 0.98% unimproved sanitation
infrastructure, illustrates the importance of SIs that are backed up with appropriate legislative and
regulatory frameworks. The country’s legislative and regulatory frameworks for on-site domestic
wastewater treatment systems (DWWTS), used by one-third of the population, have undergone a major
change with the introduction of registration and inspection regimes (Dubber & Gill, 2014). For instance,
before 1991 the soil attenuation system, often referred to as soakaway or soakpit, was traditionally used.
From 1991 the leach-field infiltration area became a common practice; here, effluent is split and
distributed via parallel subsoil percolation trenches (Gill et al., 2007). Sometimes, a secondary treatment
system (packaged treatment plant) has been installed as an alternative to a septic tank or as an addition to
provide aerobic treatment of septic tank effluent prior to discharge to subsoil (Dubber & Gill, 2014). The
code of practice provides guidelines to ensure DWWTSs are situated and designed in a way that water
bodies will be sufficiently protected (IrishEPA, 2009). The Water Services (Amendment) Act 2012
ensures that homeowners with a DWWTS register their system and make sure it does not constitute a
risk to human health and the environment through compliance with standards for performance and
operations (IrishEPA, 2012, 2013). Also, local authorities are required to establish and maintain a
registration system and to undertake inspections to regulate discharges from these systems, while the
Environmental Protection Agency of Ireland is the supervisory authority for these inspections (Dubber &
Gill, 2014).
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Infrastructural standards with strong regulatory enforcement contributed to Australia’s progress to
achieving 74.21% of safely managed and 25.79% basic sanitation infrastructure. The country has strong
sewered and non-sewered SIs that encourage continuous improvements of the sanitation infrastructures.
These standards and guidelines assist in design details, development and use for all types of on-site and
off-site wastewater treatment and disposal systems available in Australia (see Box 5.4). A recent study
reported the use of performance-based Joint Australia and New Zealand on-site wastewater management
standards by the Department of Health Western Australia (DOHWA) to address poorly performing or
failing on-site wastewater treatment systems (OWTS) (Beal et al., 2005; Bremer & Harter, 2012;
Gunady et al., 2015; Ormiston & Floyd, 2004; USEPA, 1997).

Furthermore, Japan, with 99.80% safely managed and 0.20% basic sanitation infrastructure, showcases
a successful system of hybridized sanitation infrastructure with standardizations in consonance with
ReGenSan Principles (Section 2.4). The government of Japan sets the acceptable sanitation
infrastructural technical, industrial, regulatory and compliance enforcement standards (ADB, 2016;
Mizuochi, 2011) and the Japanese Industrial Standards agency determines determine capacity and
structural standards for all sanitation infrastructure, and prescribes for future innovations. All sanitation
technologies are produced, installed and managed under strict Japanese industrial and regulatory
guidelines and standards (ADB, 2016), according to type, facility size and administrative support.
Sanitation infrastructure can be classified into sewerage system, rural sewerage system and Johkasou
system (the Japanese word for on-site sanitation treatment system, mainly used where there is no sewer
and in high-population-density areas for on-site wastewater treatment including water reclamation)
(Gaulke, 2006; Morita, 2015) (Figure 5.7).

Figure 5.7 Sanitation technological infrastructure in Japan (adapted from JECES, 2009).
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The Johkasou industrial structure and capacity standards were enacted in 1960 and 1969 respectively.
In 1980, the Johkasou structural standards were revised and upgraded from ‘Tandoku-shori Johkasou’,
which treated only blackwater, to ‘Gappei-shori johkasou’ (Figure 5.8), which treats all categories of
wastewater (blackwater and greywater) from households (ADB, 2016; Mizuochi, 2011; Yang, 2012).
Further to ensuring compliance, in 2000 the Johkasou Law was revised and Tandoku-shori johkasou
deleted from the definition in the law; the revised law requires that newly installed johkasou be of the
Gappei-shori johkasou variety (JECES, 2009; Mizuochi, 2011). The Tandoku-shori johkasou and night
storage tanks, used for night soil treatment in the past, are no longer installed and are gradually being
phased out. The johkasou system is divided into two major types: (i) in terms of sizes, small and middle
(large) scales, and (ii) structural treatment standards, standard designed types based on specific standards
and certified structure types that are designed and manufactured freely by other Johkasou manufacturers;
but their treatment performance is still evaluated and certified.

Figure 5.8 shows the small scale Gappei-shori johkasou made of two treatment processes: the
conventional activated sludge process and the extended aeration process (JECES, 2009). The system is
generally composed of a primary treatment unit (including a primary settling tank or anaerobic filter tank
or both); an aerobic biological treatment unit (for example: an activated sludge process, aerobic
submerged biofilter, fluidized bed reactor or biofilm filtration reactor) and a disinfection chamber

Figure 5.8 Gappei-shori johkasou system structure employing an anaerobic filter – contact aeration process
(Source: JECES, 2009).
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(JECES, 2009; Oladoja, 2017). Wastewater first flows into the anaerobic filter tank, where plastic filters are
submerged and solid matter is separated from wastewater, which then flows into the contact aeration tank
before discharging to the environment. The Johkasou treatment is able to reduce pathogens, but performance
is dependent on BOD, temperature and recycle rates. It is considered sufficiently reliable and disinfection
is typically accomplished with calcium hypochlorite tablets (Gaulke, 2006; JECES, 2009; Kaneko et al.,
2001; Magara, 2003; Mizuochi, 2011; Morita, 2015; Nakajima et al., 1999; Yang et al., 2001). Johkasou
systems that include nutrient removal processes have also been developed (Nakajima et al., 1999), and a
membrane bioreactor for small-scale plants has been tested (Ratanatamskul et al., 1995).

Also, China with a sanitation coverage of 73.43% safely managed, 12.80% basic, 7.99% and 7.17%
unimproved sanitation facilities (WHO/UNICEF, 2017), through the ‘Toilet Revolution’ programme
adopted six standardized sanitation infrastructure for rural areas designed to improve coverage of ‘safely
managed’ facilities (Figure 5.9, Table 5.2).

The standardization of sanitation infrastructure in China has contributed to the provision of appropriate
non-sewered sanitation technologies that are reliable, functional and resilient for rapid acceleration of
progress in sanitation coverage, especially for rural households (Hu et al., 2016; NHFPC, 2015, 2016 –

Table 5.2). For instance, the development of standards for the biogas project for domestic sewage
treatment (BPDST) by the Ministry of Agriculture (MOA) in 2014 was responsible for the advancement
of biogas sanitation technologies. The specifications issued provided sets of standards for design
drawings of biogas digesters for domestic sewage treatment, construction and regulations, and operations
and maintenance specification for BPDST (Cheng et al., 2017; Fan et al., 2016; Hu et al., 2016; MOA,
2009, 2014a, b, c, d; Yang, 2004).

Figure 5.9 Number of six different harmless sanitary toilets installed annually in Chinese rural areas from
2000 to 2015 (Source: Cheng et al., 2017).
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Table 5.2 illustrates support for national minimummandatory standards for sanitation infrastructure with
technical specifications for products, materials and services. To this effect, it is indicative that countries need
to take responsibilities for their SIS needs because even though the global and regional standards may be
helpful, they may not adequately fit into the peculiarities of the PSEP/SES of individual countries.
Therefore, ReGenSan advocates that critical components of SIs should incorporate the following elements:

(I) Performance requirement and general safety for design, development and testing that covers the
whole spectrum of the SSC;

(II) Performance requirements for NoTB that ensures human health and environment are protected;
(III) Compliance monitoring and enforcement to ensure system performance is achieved and

maintained;
(IV) Technical specification guidelines for site evaluation, design, construction, operations and

acceptable prescriptions for specific site conditions and use;
(V) Education/training for all practitioners, planners, owners and users;
(VI) Certification/licensing for all practitioners/professionals to maintain standards of competence

and conduct;
(VII) Programme reviews to identify knowledge gaps, implementation shortcomings and necessary

corrective actions;
(VIII) Certifications for products, services, operations and systems; and
(IX) Development of uniform terminologies for use in the sector (NOWRA, 2007).

ReGenSan goes further to prescribe integrative and comprehensive infrastructural standardization solutions
for existing improved sanitation (especially for the long-neglected non-sewer infrastructure in developing
countries’), retrofitting of unimproved-dysfunctional facilities, ageing and deteriorating sewer
infrastructures and the development of nouveau technological solutions, as there is increasing failure of
current technologies and underlying challenges of sanitation infrastructure and resource recovery
(Gasiorowski-Denis, 2018; Lazarte, 2016).

5.4 REGENSAN TECHNOLOGICAL SYSTEM
Traditionally, technology was referred to as the discourse on or verbal expression of how things are gained
or created (Vermaas et al., 2011): that is, the study and development of products and services; but
contemporary usage has narrowed it down to just tools and machines or products/services that are meant
for human development or progress (Arthur, 2009; Mesthene, 1970). These broad descriptions could
define technology as a combination of human knowledge, skills, abilities and processes to design and
develop products and services using tools, procedures and raw materials to provide solutions, pleasures,
needs and insights for people and communities. Sanitation technologies are, therefore, assets of
sanitation infrastructure that work together to provide solutions, whether as individual components (e.g.
toilets) or systems of components (e.g. connecting pipes). ReGenSan TeS is, then, the system of products
and services (individually and synergistically) that work together to provide sani-solutions and needs (as
well as additional solutions) within the sani-sheds for individuals and groups of individuals at place and
scale. TeS presents a multi/transdisciplinary SSC process (Van Dijk, 2012; Seetharam, 2015; Tilley
et al., 2014b) that consists of three dimensions (Existing Improved Design Technology – EIDT,
Restorative Design Technology – ReDT and Nouveau Design Technology – NoDT) and 11 components,
all knitted together by the cross-cutting component of infrastructural standardization and supported by
sociotechnical regimes (Box 5.5, Figure 5.10).
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ReGenSan TeS is driven by standards striving towards safely managed infrastructure that allow for
treatment and minimal disposal of treated materials to occur on site, or for them to be collected and
managed off site or transported off site by a sewer; and ensures resource recovery/reuse in any of the

BOX 5.5 TES DIMENSIONS AND COMPONENTS

(I) Existing Improved Design Technology (EIDT) aims at continuous service improvement,
expansion of access and coverage of currently adjudged improved and safely managed sewer
and non-sewer sanitation facilities estimated to be used by 5 billion people; and consists of
four components: (i) service chain functionality and serviceability, (ii) integrity, reliability, safety
and quality, (iii) preventive and proactive maintenance, and (iv) inspection and monitoring.

(II) Restorative Design Technology (ReDT) contributes to upgrading and retrofitting of dysfunctional,
disused, aged and unimproved, basic and limited sanitation facilities for both sewer and
non-sewer to improved and safely managed facilities estimated to be used by 2.4 billion
people. It consists of three components: (i) rehabilitation, (ii) retrofitting, and (iii) remediation
and mitigation.

(III) Nouveau Design Technology (NoDT) focuses on issues of emerging contextual novel sanitation
solutions due to failure of current technologies to address the underlying challenges behind the
lack of sanitation infrastructure and resource recovery as well as provide better alternatives for
new development areas and populations exposed to open defecation estimated to be nearly 1
billion; it comprises four components: (i) designs for service and products (DeSaP), (ii) design
for nature (DeN), and (iii) design for the base-of-the-pyramid

(IV) (DeBoP).

(a) Cross-cutting component: (i) infrastructural standardization – international, regional and
national standards, (ii) knowledge and skills, (iii) continuous monitoring.

Figure 5.10 Linkages between the TeS dimensions service chain driven by infrastructural standardization.
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chosen options within sani-sheds (Orner & Mihelcic, 2018). ReGenSan technological and management
solutions align with designs, structures and solutions that let nature do the work and respect the
peculiarities of place by drawing on natural processes of decomposition to reintegrate materials into the
ecosystem (Figure 2.2) as well as indigenous knowledge of local users and experts. TeS is an
integrative-systemic-holistic-hybridized infrastructural (centralized and decentralized) network that works
in harmonious relationship within the sani-sheds.

The social-technical regimes (STR) are the technological, organizational and institutional configurations
that influence process variation and selection of sanitation infrastructure within the economic and social
contexts from which TeS evolved (Altaf, 2011; Hegger et al., 2007; Nilsson & Olsson, 2014; Markard,
2011; Sarkilahti et al., 2017). STR is crucial to achieving effective and acceptable sanitation technological
solutions in particular societies (Sarkilahti et al., 2017; Smith et al., 2010); and they consist of material
and technical elements, networks of actors and the rules that guide activities (Sarkilahti et al., 2017;
Verbong & Geels, 2010). The users/customers are part of the STR and the SSC, and they are critical for
improvement and implementation of sanitation infrastructure as they are co-producers of sanitation
technologies (Hegger et al., 2007; Spaargaren et al., 2007; van Vliet et al., 2011). Thus saying, ‘Let us
sort out technology first; if we have proven that it works, we should implement it in society’ (Hegger et al.,
2007 – see Section 4.1) is no longer tenable. Users/customers and other stakeholders should be involved
in the ideation/conceptualization stage in order to test the feasibility and acceptance of basic designs,
technologies and project principles, test-run facilities in target areas and continuously interact with lead
users at every project phase, even at the commission stage and follow-up (Lettl, 2007; Tobias et al., 2017).
TeS does not simply consider toilets and household level infrastructure/technologies, but also addresses
sanitation issues across the spread of sani-sheds (catchment/community safety). The processes and
structures are expected to consist of (Figures 5.1 and 5.10 and Table 5.3):

(I) A safe, convenient, functional, replicable, reliable, scalable, quality and hygienic facility for
urination and defecation such as: squatting platform or pedestal seat, optional urinal, provision
for anal cleansing, superstructure (safe, well-lit, ventilation to prevent odours, aesthetic), and
place for handwashing, bathing, disposal of urination and defecation waste material. This is
often referred to as user interface, where users are allowed to access the sanitation infrastructure;

(II) Collection, storage and treatment of waste materials, which may occur either on site or via
transport off site and/or conveyance (sewers) to centralized facility and, sometimes, treating
the products generated at the user interface (Figure 5.5);

(III) Resource recovery/reuse and minimal disposal of treated materials; and
(IV) Conveyance/emptying/transport, treatment and disposal or reuse of greywater (Nelson &

Murray, 2008; Tilley, 2013).

The main goal of TeS is to provide appropriate and suitable treatment and management facilities for
by-products of human digestion across the entire scope of the SSC to ensure that infrastructure does not
transfer burden to public health, maintains environmental quality and recovers/reuses valuable resources
with minimal final disposal of treated materials within sani-sheds in an ecologically acceptable manner
(Nelson & Murray, 2008). Table 5.3 shows system boundaries, all inputs, immediate and output products
and the specific technologies necessary for each functional group. Within one boundary, households,
private sector (business) and the public sector (government) may each have different financial
responsibilities (Tilley, 2013). ReGenSan demands that the SSC and its necessary functional groups
should be conceived in consultation with all relevant responsible entities (Figure 4.1 and Table 4.1). In
other words, system boundaries should be inclusive and drawn from all perspectives of all responsible
entities. Therefore, sanitation infrastructure should consider all components required for adequate
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management of human wastes (Zurbrugg & Tilley, 2009) because sanitation problems can rarely be solved
at household levels alone. Households ‘export’ waste to the neighbourhood, town or downstream
population, which implies that TeS should not be restricted to just the front end (user interface) and back
end (collection and conveyance). This concept is supported by the newly adopted SDGs JMP of ‘safely
managed’ sanitation facilities that go beyond ‘household safety’ to ‘community safety’, and indicates
how well sanitation infrastructure separates excreta from human contact beyond the household (Thomas
et al., 2018). Starkl et al. (2015) also noted that toilet technology comprises of the front end,
collection/transport, back end and other components. It becomes crucial, then, that sanitation
infrastructural boundaries be extended to include processes and activities that take place in these large
spatial sections (sani-sheds) (Cheng et al., 2017; Mang et al., 2016).

In summary, ReGenSan TeS applies engineering, scientific, social science and indigenous knowledge to
practically and purposefully design and develop products and services that provide standard-driven
sanitation infrastructural solutions to be safely managed for individuals and groups at scale and place. It
includes an extensive range of possible combinations of technical components such as means of storage,
conveyance and treatment in both sewer and non-sewer systems to deliver the most appropriate, best
applicable and standardized technologies compatible with the entities and processes of specific SES
(Maurer et al., 2012; Ramoa et al., 2015; Tilley et al., 2014a, b; Zurbrugg & Tilley, 2009). ReGenSan
postulates that TeS has ‘front-end’ (user interface), ‘middle-end’ (collection, conveyance, treatment) and
‘back-end’ (resource recovery/reuse and final minimal disposal of treated materials) processes that
should operate in an ecologically sustainable manner within the sani-sheds.

5.4.1 ReGenSan technology system dimensions
ReGenSan TeS is made up of three dimensions, namely:

(I) Existing Improved Design Technology (EIDT) aimed at continuous improvement of the currently
adjudged ‘safely managed’ sewered and non-sewered infrastructure;

Table 5.3 SSC Functional Groups for Describing Sanitation Technologies (Tilley et al., 2014b).

Group Stakeholders Technologies Key Functions

User interface Homeowner Toilets (urine separating),
urinals, taps, appliances

Determine volume, concentration
and composition of products
requiring storage and treatment

Collection and
storage

Homeowner Pipes, storage tanks Hold intermediate products,
hygienization (of urine)

Conveyance Public utility or private
enterprise

Pipes, trucks Move products between
sanitation ‘nodes’

Treatment Homeowner, public
utility or private
enterprise

Filtration, sedimentation,
precipitation, stabilization

Change characteristics of
products (e.g. dehydration,
disinfection)

Use and
disposal

Public utility and (or)
private enterprise

Solid spreading equipment,
pelletizer, urine applicator,
incinerator, biogas plant

Distribute products (e.g. urine as
fertilizer)

(Reprinted from Tilley E., Ulrich L., Lüthi C., Reymond P. H. and Zurbrugg C. (2014). Compendium of Sanitation Systems
and Technologies, 2nd rev. edn. p. 108, with permission from Swiss Federal Institute of Aquatic Science and Technology
(EAWAG).)
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(II) Restorative Design Technology (ReDT), which deals with upgrading and retrofitting of
dysfunctional and unimproved sanitation infrastructure; and

(III) Nouveau Design Technology (NoDT), which supports further research and development of
emerging novel sanitation technological solutions based on the core principles of ReGenSan.

NoDT intends to strategically promote and stimulate research and development for innovative solutions
to meet the needs of the millions of people without sanitation provision at all as well as provide for
new development areas like new estates, apartments, campuses, towns, cities etc. and critical areas such
as coastal and arid regions. ReDT, on the other hand, focuses research and development to reduce cases
of facility/infrastructure abandonment and investments loss, while EIDT targets the reduction of
dysfunction and failure of available facilities/infrastructure. The expectation for these ReGenSan TeS
dimensions is that empirical, contextual, analytical and real-life data and information shall be sought and
made available for design, manufacture, service delivery, governance, standards formulation and
compliance monitoring; all to ensure acceptability and sustainability as well as the targets of the SDG no. 6.

5.4.1.1 Existing improved design technology (EIDT)
EIDT presents comprehensive strategies that assure functionality, serviceability, resilience, reliability and
continuous performance improvement of existing sewered and non-sewered infrastructure (Ghosh &
Elvira, 2011). The overriding purpose is to support the implementation of practical, efficient and
effective hygiene practices and faecal sludge management of on-site sanitation facilities that are used by
an estimated 2.7 billion people worldwide (Exley et al., 2014; Nakagiri et al., 2016; Strande et al.,
2014). It seeks to reinforce concerns in actual use, cleanliness and overall quality of these facilities
(Exley et al., 2015). When non-sewered sanitation systems are improperly operated and inadequately
maintained (as most often is the case), it does not matter how many facilities are counted, hygiene
quality will still be compromised and disease transmission could ensure (Fewtrell et al., 2007; Gine
et al., 2011; WSP, 2009). In such situations, serviceability, reliability, functionality and performance are
undermined and this affects the useful life duration of the system (Etnier et al., 2005). Sewered
infrastructure is also challenged with the same conditions due to service and performance deterioration,
blockages and leakages (which result in infiltration and exfiltration), mostly as a result of senescence
(deterioration due to age) (Ahmadi, 2015; Ashley & Hopkinson, 2002; Corcoran et al., 2010; Diagne,
2013; El-Sheikh, 2011; Miszta-Kruk, 2016; Qasem et al., 2009; Reynolds & Barrett, 2003; USEPA,
1991a, b). Consequently, EIDT calls attention to the challenges of the adjudged ‘improved’ facilities
with inadequate performance discharging untreated sewage into the receiving environment (Starkl et al.,
2013); and in so doing redirects research and development to solutions, especially with non-sewered
structures without standardized operation and maintenance criteria.

Functionality and serviceability are broader perspectives in measuring performance and service
reliability of sanitation infrastructure guaranteed by certification procedures based on international and
national standard certification approval bodies (OFWAT, 2015; Truffer et al., 2013). EIDT seeks to
address functional and performance reliability deficiencies inherent in current ‘improved’ sanitation
infrastructures as well as technological gaps in the SSC in order to ensure reliable and resilient existing
improved sanitation infrastructure. This dimension is based on the ReGenSan Principles of ApT, HS,
NToB, SHI, PaS and PaP (see Section 2.4).

EIDT enhances infrastructure service reliability by ensuring development and adoption of appropriate
infrastructure standards, codes of practice, quality control and assurance plans and procedures as well as
preventive and proactive maintenance to overcome failure. Reliability implies that the sanitation
infrastructure should perform at the specific operational standard requirements, free from failure for a
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specific period of time under specific conditions (Niku et al., 1979, 1981, 1982; Singhirunnusorn &
Stenstrom, 2009; Von Sperling & Oliveira, 2007). Technically, the concept of reliability is the
measure of ‘probability of success’ or ‘probability of adequate performance’, which is the percentage
of the time a facility performs according to statutory regulatory and standard requirements (e.g. the
percentage of the time that effluent concentration meets the requirement in the case of WWTPs)
(Niku et al., 1981). Existing improved sanitation infrastructure (sewered and non-sewered) is
completely reliable if performance response has no failure. This implies that infrastructure could
deliver expected services, but with unacceptable risks such as effluent discharge requirement
violation (EU, 2012; Starkl et al., 2013).

EIDT proposes that improved sanitation infrastructure is operated and maintained within limits of
acceptable measures of risks in order to achieve reliability and safely deliver expected services (Niku
et al., 1979, 1981, 1982). The EIDT process is designed to continuously edit out problematic and
bottleneck issues that may impact negatively on service reliability in order to ensure optimization,
especially with currently aged ‘improved’ sanitation amenities. This will enable effective and efficient
services that respond to higher standards of operational safety, health and environmental protection
(El-Sheikh, 2011). Existing improved sanitation provisions (sewered and non-sewered) are challenged by
the following factors:

(I) Non-compliance with new regulations on public health, environmental quality and operational
standards;

(II) Service expansion due to population growth;
(III) Malfunctions of units and/or equipment in treatment systems;
(IV) Changing outdated equipment and/or technologies due to unavailability of spare parts; and
(V) Retrofitting resource recovery and reuse into existing improved infrastructure (El-Sheikh,

2011).

It seeks to maximize the use of these facilities and minimize rehabilitative cost and risk of failure and its
attendant consequences while ensuring service reliability (Diogo et al., 2018; Ward & Savić, 2012). All
these should ultimately lead to a crossroad with technology upgrade at the centre as illustrated in the
Japanese ‘Tandoku-shori Johkasou’ (Figures 5.7 and 5.8) (which only treated blackwater), reinforcement
in the ‘Gappei-shori johkasou’ (which treat all categories of wastewater, both blackwater and greywater)
from households (ADB, 2016; Mizuochi, 2011; Yang, 2012) (see Section 5.3). To this effect, some
strategies that could ensure sustained continuous service improvement and reliability with due regard to
environmental quality, public health and safety include:

(I) Functionality and performance assessment to ensure expected reliable and functional services;
(II) Service delivery assessment to ensure appropriate, adequate and acceptable minimum levels of

services; and
(III) Integration of risk-based management to ensure that existing improved sanitation infrastructure

gives due consideration to ‘failure prevention management’ and process reliability through
continuous monitoring of performance as well as treatment (ASCE, 2017; Marlow et al.,
2013).

Therefore, the cardinal role of EIDT is to ensure long-term reliability and avoid the risk of ‘slippage’, a term
coined in India to mean the slipping back of a community from fully covered with improved services to
partially or non-covered (Lockwood & Smits, 2011; Rosenqvist et al., 2016; UN-Water & WHO, 2012;
Verhagen & Carrasco, 2013).
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5.4.1.2 Restorative design technology (ReDT)
ReDT refers to the process of retrofitting and upgrading failed, dysfunctional and abandoned sanitation
infrastructure to meet stringent new regulatory and standard requirements, rehabilitate poorly performing
unimproved facilities and elongate the lifespan of ageing systems (Bozkurt et al., 2015; Brepols et al.,
2008; El-Sheikh, 2011; USEPA, 1974, 2009); with the intention of transforming the 2.4 billion
unimproved facilities; meeting the SDG 6 targets (Dixon et al., 2014; Eames, 2011; Giné-Garriga
et al., 2017; Pham & Kuyama, 2013; WHO/UNICEF, 2017); and the estimated 1.5 billion sewered
facilities without adequate treatment, producing effluents of questionable standards (Baum et al.,
2013; Mara, 2003). System dysfunction and failure increase exposure to disease-causing pathogens
present in unconfined or poorly disposed-of human excreta and the associated health risks are well
established (Boschi-Pinto et al., 2006; Cairncross & Feachem, 1993; Ekane et al., 2014). Therefore,
ReDT aims to ensure sustainability service delivery at appropriate levels for quality, quantity,
convenience, comfort, continuity, efficiency and reliability (Brikke, 2000). It is based on ReGenSan
Principles of ApT, BaB, HS, NToB, SHI, PaS, PaP and RoDF (see Section 2.4) and its key
components are rehabilitation, retrofitting, remediation and mitigation (Jenkin & Pedersen, 2009;
Mang & Reed, 2012a, b; Mang et al., 2016; Starkl et al., 2013; WSDHWMP, 2002). The main
objectives of ReDT include but are not limited to:

(I) Failure management and enhanced predictive maintenance;
(II) Repair and replace unit or equipment malfunctions of treatment facilities, SSC/SVC

networks;
(III) Retrofit and optimize resource recovery and reuse into existing sanitation infrastructures;
(IV) Ensure compliance with new regulatory standards with regards to pollution control, particularly

effluent discharges, reduction of carbon emissions and energy, etc.;
(V) Repair and replace outdated equipment and/or technologies;
(VI) Clean up and disinfect sites degraded and damaged by bad sanitation practices; and
(VII) Effect infrastructure end-of-life decommissioning.

Considering that 5 billion people are recorded as having ‘improved’ facilities, 2.4 billion are in the
‘unimproved’ bracket and 1 billion do not have any facilities at all and are therefore involved in ‘open
defecation’ (WHO/UNICEF, 2017), then achieving the SDG targets by the deadline of 2030 could be
made more likely by focusing on upgrading the infrastructure of the 2.4 billion’s ‘unimproved’
(dysfunctional, failed and inadequate) facilities. This is where ReDT comes in to provide rehabilitation,
retrofitting, remediation and mitigation strategies in order to increase the percentage of improved and
safely managed facilities. In future, the focus will be more on ReDT than building new infrastructure so
as to maintain performance quality and continuous improvement and avoid catastrophic failure
consequences (Brepols et al., 2008; Marlow et al., 2007).

ReDT seeks to sustain the functionality and performance of sanitation systems that often result in
failure, which is a significant threat to infrastructure sustainability (Fenner & Saward, 2004). Failure
arises because of structural inadequacies, material degradation and poor construction and workmanship
as well as lack of operations and maintenance (Brepols et al., 2008; Brikke, 2000; Cookey et al., 2016).
According to the American Bureau of Shipping (ABS) (2004), infrastructure conditions deteriorate over
time and before it can be detected (point P in Figure 5.11). As time passes, the infrastructures’
conditions worsen and at the end they reach the failure point (point F in Figure 5.11). Figure 5.11 is a
hypothetical schematic curve of infrastructure deterioration over time. However, in practice it can vary
and can in some cases be very inconsistent (ABS, 2004; Ahmadi, 2015).
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On-site sanitation facilities failures are conditions that threaten public health by inadequately
treating sewage or by creating a potential for direct or indirect contact between sewage and the public
(WSDHWMP, 2002). Failure can be defined as: (i) failure to dispose, often referring to a process where
sewage is backing up into the house, or surfacing on the ground or entering surface water, and/or (ii) failure
to treat, which refers to situations where inadequately treated sewage contaminate ground or surface water
(CWTRC, 2003; WSDHWMP, 2002). Common non-sewered sanitation infrastructure failures include:

(I) Hydraulic failure – i.e. untreated or partially treated sewage pooling on ground surface, sewage
backup in plumbing fixtures and sewage breakouts on hill slopes;

(II) Pollutant contamination of groundwater – i.e. presence of high nitrate levels in drinking water;
taste or odour and toxic substances in shallow wells or borehole water caused by untreated,
poorly treated or partially treated sewage;

(III) Microbial contamination of ground and surface water – i.e. contamination of drinking water
sources such as wells with faecal bacterial or other faecal indicators; and

(IV) Nutrient contamination of surface water – i.e. presence of algae bloom, high aquatic plant
productivity, low dissolved oxygen concentrations etc. (Angoli, 1988; CWTRC, 2003;
McGauhey & Winneberger, 1964a, b, 1965).

Non-sewered infrastructure failures or dysfunctions, with the exception of problems associated with age, can
be attributed to the following factors:

(I) Improper and inadequate facility installations – siting, design, technology application and
construction;

(II) Improper operations – this may include change of use at the facility, as in the case of conversion of
residential units to commercial or manufacturing purposes and the introduction of incompatible
materials that disrupt the biological, chemical or physical processes within the treatment units;

(III) Inadequate maintenance;
(IV) Hydraulic and organic overload; and
(V) Physical, structural and mechanical components failure (Angoli, 1988; CWTRC, 2003;

McGauhey & Winneberger, 1964a, b, 1965).

Sewered infrastructure and its associated treatment facilities are affected by many factors such as physical,
chemical, biochemical and biological (Al Barqawi, 2006; Al-Barqawi & Zayed, 2006; Best Practice 2003;

Figure 5.11 Failure process (Source: ABS 2004).
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Kleiner & Rajani, 2001; Qasem et al., 2009; Urhaman, 2007). These may damage different parts of
the infrastructure, which often results in failure and/or collapse (ASCE, 1994; Ward & Savić,
2012). These failures can manifest as hydraulic, structural and/or environmental failures (Abraham &
Gillani 1999; Ward & Savić, 2012), as well as treatment plant failure (Brepols et al., 2008; El-
Sheikh, 2011):

(I) Structural failure – this type of failure may include mechanical/physical destruction of sewers
by erosion, corrosion, deformation and cracking. There may be varying degrees of severity,
ranging from minor fabric defects, such as cracking, to complete loss of structural integrity
where a full or partial collapse may be observed (Anbari et al., 2017; ASCE, 1994; PDSS, 2009);

(II) Hydraulic failure – consists of wastewater leakages from sewer networks and groundwater
infiltration, soil penetration into networks, blockages caused by sedimentation of soil, dust and
mud at the bottom of the pipe, fatty deposits (usually at the top of the wastewater flow),
sediments due to the effect of groundwater flow, deposits of sulphate and fouling of sewer,
penetration and growth of root into sewer and sewer blockage caused by wastes (Anbari et al.,
2017; ASCE, 1994);

(III) Environmental failure – refers to severe adverse impacts on public health, environmental and
ecosystem services resulting from incidences such as combined sewer overflow (CSO),
infiltration and exfiltration, flooding and pollution incidences (Ahmadi, 2015; Anbari et al.,
2017; Ashley & Hopkinson, 2002; Corcoran et al., 2010; Diagne, 2013; El-Sheikh, 2011;
Miszta-Kruk, 2016; Qasem et al., 2009; Reynolds & Barrett, 2003; USEPA, 1991a, b).

(IV) Wastewater treatment plants (WWPT) failure – refers to inadequate levels of treatment provided
by the WWPT, often due to lifespan expiration; WWTP efficiency and effluent quality are
reduced. This then causes hydraulic bottlenecks that result in increase of wastewater flow or
load and the challenge of higher treatment standards due to change of legal frameworks
(Brepols et al., 2008; El-Sheikh, 2011)

ReDT proposes the following actions and strategies to address the challenges of infrastructural
dysfunctionality and failure:

(I) Conditions assessment – as a ReDT management tool for existing sanitation infrastructure to
ensure suitable and appropriate predictive maintenances and fill specific operations-related
information gaps in order to facilitate decision-making. This assessment shall provide
information such as: the consequences of sanitation infrastructure failure at local and system
levels, cost of infrastructure rehabilitation, retrofitting, remediation and mitigation, alternatives
available giving the results of the assessment (partial replacement, non-structural repair,
deferment etc.) (Marlow et al., 2007),

(II) Risk-based management – aims to achieve optimum lifecycle management of sanitation
infrastructure through consideration of ‘risk to service’ provision with adequate attention given
to ‘consequences of failure’ and ‘failure management’ (ASCE, 2017; Marlow et al., 2007).
According to the American Bureau of Shipping (ABS, 2004), the main steps of the development
of a risk-based approach include (Ahmadi, 2015; Le Gauffre et al., 2009; Tran et al., 2009):

(a) Determine the risk of potential failure for each infrastructure,
(b) Identify the degradation mechanisms that will lead to components failures,
(c) Select most effective inspection techniques,
(d) Develop and optimize inspection plans, and
(e) Analyze data from inspections.
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These approaches involve the adoption of retrospective and interdisciplinary frameworks to identify
sustainable and innovative rehabilitation, retrofitting, remediation and mitigation strategies. The
retrospective approach aims to look back to the history of related infrastructure, including the initial
planning and design processes, to understand the current failing status. The interdisciplinary approach
reflects on the necessity of understanding the influence of PSEP on sanitation technological solutions
and management (see Chapter 4) (Cuppens et al., 2013; Tiberghien et al., 2011).

5.4.1.3 Nouveau design technology (NoDT)
NoDT supports the idea that existing sanitation technological infrastructure could be designed better and
made more regenerative. As a matter of fact, upgrading today’s ageing sewered and non-sewered
treatment architecture to new generation resource recovery facilities will require the development and
deployment of innovative technologies and processes (Mihelcic et al., 2017) (see Section 5.5.2). A major
reason for this is the fact that under the current regulatory frameworks, existing sanitation technologies
have a narrow (but very important) focus on treatment of waste to reduce risks to human health and the
environment (Mihelcic et al., 2016). Overcoming these barriers requires new-breed technologies that are
energy-efficient, recover value-added resources, encourage reuse and are equipped with advanced
devices to achieve desirable outcomes (SDE/NSF, 2016; USDE, 2014, 2015). NoDT seeks to inspire the
creation of replicable archetypes for sanitation technologies and processes that are systemic, contextual,
integrate eco-efficiency with ecological-based approaches and mimic natural systems (see Section 2.4.2)
to deliver improved functional components and systems (see Figure 2.2, Section 2.4.6) within the
sani-sheds (see Section 2.4.7).

For instance, a septic tank wastewater-processing facility that works well on one soil type or geological
structure may not work at all in another. Thus, within a regional system, there might be several different
technologies in operation with each responding to local conditions, but playing its part in the larger
whole (Lyle, 1994). Tilley et al. (2014a) noted that acceptance of any technology or practice is
inherently contextual and not necessarily guaranteed. They noted that waterless technologies based on
separation and dehydration have ecological benefits, but may not meet cultural expectations in
communities that use water for anal cleansing (see Section 4.2.1.1). NoDT should provide solutions at a
scale in sani-sheds that reflect the SES and explore ways to develop sanitation technologies and systems
where toilets are viewed from within the SSC and extending to the final point of disposal and/or end use
of faecal sludge (Dias, 2015; Lyle, 1994; Mang & Reed, 2012a; Spaargaren et al., 2006; Tilley et al.,
2014a, b) (see Figures 2.2 and 5.10, Section 4.2). The three principal components of NoDT for
technology development are:

(I) Design for products and services (DeSaP),
(II) Design for nature (DeN),
(III) Design for the base-of-the-pyramid (DeBoP).

The special features of NoDT processes include: reasonably fast technology, not necessarily independent of
existing infrastructures but working in synergy (see Section 2.4.4); appropriateness (see Section 2.4.1); end
users’ preference (see Section 2.4.8); no mixing of human faeces with other waste; no-linear-flow; NToB
(see Section 2.4.5); incorporation of resource recovery and reuse (see Section 2.4.9); affordable
technologies that are resource-reclaimable (Gretchen, 2012; Fan et al., 2017; Sunita, 2012; van
Loosdrecht & Brdjanovic, 2014); support food production, prevent environmental pollution and
minimize demand on other resources (Fan et al., 2017; Zhou et al., 2010). The ‘place and scale’ concept
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ensures that sanitation infrastructure functions in close concert with the natural processes within a range of
local environmental conditions (see Section 2.4.7).

The sanitation sector has been risk-averse and slow to adopt new technologies because the path to
technological adoption depends on time-consuming, costly and often repetitive cycles of testing and
validation, which constitute enormous barriers to investment in novel technologies (Mihelcic et al.,
2017). These barriers to investment in NoDT could be technical, regulatory and managerial issues that
result in the ‘valley of death’ syndrome, defined as as situation where a new technology does not
advance from demonstration to commercialization (Frank et al., 1996) because a technology developer is
unable to obtain financing for scale-up and manufacturing (Frank et al., 1996; Murphy & Edwards,
2003). Details of these barriers are:

(I) Overall aversion to risk that is related to the conservative nature of the environmental regulatory
agencies,

(II) Lack of test data on operational performance and cost, and the presence of strict and duplicative
requirements;

(III) Technology transfer not seen as important job function for many employed at the sanitation
infrastructure management and/or responsible agencies/departments;

(IV) Future environmental regulatory requirements seen as uncertain while regulations currently
advance the goal of adequate treatment over goals of sustainability and resource recovery;

(V) Time required for technology development may not fit with the sanitation infrastructure
management and/or responsible agencies/departments schedule for capital investment; and

(VI) Failure to transfer new technologies to other sanitation infrastructure management and/or
responsible agencies/departments (ELI, 1998; Frank et al., 1996; Greiner & Franza, 2003;
Mihelcic et al., 2017).

Current sanitation configurations entail devaluation of human waste, loss of nutrients, waste of water
and emission of residual pollutant loads to the environment and no guarantee of sustainability
(Cordella et al., 2011; Larsen et al., 2016; Poortvliet et al., 2018). Despite the challenges mentioned
above, several new initiatives have been developed that champion new conceptualizations
(Hernandez-Leal et al., 2017; Londong, 2013) poised at maximum recovery of energy and resources
and minimum use of potable water and reduced emissions (like pharmaceuticals) into the
environment (Tuantet et al., 2014); and they operate by integrated holistic systemic approaches rather
than the end-of-pipe approach (see Sections 2.3.1, 2.3.2 and 2.4.6, Box 5.6). The drivers for NoDT
are hereby attributed to:

(I) Global resource scarcity such as phosphate shortages on the world markets, which are abundant in
sewage and critical for agricultural production;

(II) Rising world energy prices that could make large-scale recovery of resources from sanitation very
attractive;

(III) Growing awareness of sustainability, liveability and the sanitation economy (Davis, 2008;
Poortvliet et al., 2018; Sarkilahti et al., 2017; Swart & Palsma, 2013); and

(IV) Sanitation infrastructure coverage expansion and service improvement (WHO/UNICEF,
2017).

By extension, investing in NoDT could tackle the many dynamic challenges of populations with the
existing improved and unimproved infrastructure as well as those without any facility (Mihelcic et al.,
2017). Below are some details of the principal components of NoDT.
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5.4.1.3.1 Design for products and services (DePaS)

DePaS is an innovative component of NoDT that integrates products, services, supporting networks and
infrastructure for the design of novel sanitation technologies to jointly satisfy users/customers’ needs
and ensure NoTB (see Section 2.4.5) as well as recover and reuse resources that were not possible to use
with the traditional linear treatment disposal technologies (Ceschin & Gaziulusoy, 2016; Geum & Park,

BOX 5.6 SOME NEW SANITATION TECHNOLOGY CONCEPTS

(I) Alternativen der kommunalen Wasserversorgung und Abwasserentsorgung (Alternative of
Municipal water supply and sanitation) AKWA 2100 – is a German project design to identify
urban water and wastewater infrastructure concepts intended to reduce the unsustainability of
future infrastructure. AKWA 2100 project developed three scenarios with a long-term
perspective of 2050 and plans to integrate technological, organizational and institutional
innovations into coherent alternative urban water and wastewater systems with improved
eco-efficiency (Hiessl et al., 2001, 2003; Schwartz, 1991);

(II) NOVAQUATIS – the Swiss Federal Institute of Aquatic Science and Technology (EAWAG)
interdisciplinary project that concentrated on urine source separation technology, resulting in
modern urine separating (NoMix) flush toilets (Larsen et al., 2009);

(III) Decentralized sanitation and reuse (DESAR) –DutchDESARproject aims at radical innovation in
sanitation and wastewater infrastructures. The main idea behind DESAR is that water, energy
and nutrients are resources in an ecological loop that is broken down in contemporary
wastewater infrastructures. Centralized collection and treatment of wastewater means that the
useful value of nutrients (phosphorus, potassium, nitrogen) is for a large part lost, while
drinking water consumption is unnecessarily high. DESAR technologies aim to close this loop
by minimizing water consumption and recovering nutrients from human waste and energy
production (using anaerobic digestion) (Larsen et al., 2013; Lens et al., 2001); and

(IV) Reinvent the toilet challenge – a programme of the Bill & Melinda Gates Foundation that calls for
implementable ideas at scale aimed at fostering innovative low-cost toilets that sanitize human
excreta and recover valuable resources without sewer connections or harmful discharge. The
challenge focuses on developing solutions in four specific areas associated with
non-networked sanitation for urban areas: (i) hygienic and adequate pit/tank emptying, (ii)
recovery of energy from faecal sludge as a means for safe and affordable treatment and
disposal, (iii) appropriate sanitation solutions for areas challenged by an abundance of water
(e.g. communities that face seasonal flooding, high groundwater tables, riparian or tidal
communities, etc.), and (iv) easy to clean, attractive and affordable latrine pans/squatting
platform technologies that enhance latrines (Bill & Melinda Gates Foundation, 2011;
McConville et al., 2014).

(V) Stimulating Local Innovation on Sanitation for the Urban Poor – a programme of the Bill &Melinda
Gates Foundation for developing countries in sub-Saharan Africa, South-East Asia and South
America. The project aimed to stimulate local innovation on sanitation for the urban poor and
strengthen the sanitation sector in developing countries through education and training. The
project was jointly executed by IHE Delft, the Netherlands; Asian Institute of Technology (AIT),
Thailand; Institut Teknologi Bandung, Indonesia; University of Cape Town, South Africa;
Kwame Nkrumah University of Science and Technology, Ghana; Makerere University, Uganda;
International Institute for Water and Environmental Engineering, Burkina Faso; Federal
University of Minas Gerais, Brazil and Universidad del Valle, Cali – Colombia (IHE, 2011).
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2011; Goedkoop et al., 1999; Mont, 2002; Tukker & Tischner, 2006). The idea is that new generation
sanitation technologies should not only focus on designing and producing ‘toilets’, but should ensure an
integrated offering composed of products, service and infrastructure (rather than only toilet products) by
pre-considering and incorporating the entire SSC (CSTEP, 2016; Geum & Park, 2011; Tilley et al.,
2014b; Van Dijk, 2012; Wirmer, 2014; Zakari et al., 2015). It requires active engagement by the
users/customers, who should have a proper understanding of what alternatives they already have in
place and better gauge what they may choose from (for instance, the perspective of user-centred design
and consumer research) (Catulli, 2012; Catulli et al., 2013; Rexfelt & Hiort af Ornas, 2009; Vezzoli
et al., 2015). It requires appreciating users as part of the innovation group or community from the
perspective of PSEP (see Section 4.2). The aim is minimization of material disposal to the ecosystem
and maximization of service output, user satisfaction, sustainability and resource efficiency (Mihelcic
et al., 2017; Tukker, 2015).

The objective of DePaS is to ensure that technology designers/producers:

(I) Deliver desired functional sanitation products to users/customers;
(II) Integrate service consideration into sanitation components/unit productions, especially after-sales

maintenance and other ancillary services;
(III) Close material cycles by ensuring resource recovery and reuse as well as reducing material

disposal;
(IV) Provide technological solutions seeking synergy in integrating system elements along with

improving resource and functional efficiency of each element;
(V) Improve the total value for users/customers based on increased servicing and better service

components, which include activities and schemes that make sanitation infrastructure last
longer and extend its function; and

(VI) Improve relationship with users/customers through increased contact and information about
preferences (Mont, 2002).

Products are technological infrastructuremade up of hard or soft components (Lewis, 2008;Niskanen, 1991 –
see Section 5.2.1). The hard parts usually refers to user interface, collection and storage, conveyance,
treatment, recovery, reuse and disposal technologies (Mihelcic et al., 2017; Tukker, 2015 – see Section
5.1.1). The soft parts are the social supporting networks, technological testing, validation, verification and
certification as well as institutional and organizational structures that ensure adequate interactions and
engagement of all actors involved in innovative production and adaptation processes (Geum & Park, 2011;
Lewis, 2008; Mihelcic et al., 2017; Mont, 2002; Niskanen, 1991). Service is the value and satisfaction
products deliver to users/customers as well as product-use-phase activity that the producers render to their
customers to ensure maximized benefits (Lewis, 2008; Mihelcic et al., 2017; Mont, 2002). Service also
indicates utility, which is the aggregate sum of satisfaction or benefits that accrues to an individual and
is derived from the use of sanitation products and its associated activities (Principles of Economics, 2017).

Several studies have recommended measurement criteria for sanitation products’ services, such as:
functionality, serviceability, reliability, quality, safety, standardization, availability, physical accessibility,
affordability and acceptability (Gasiorowski-Denis, 2018; Giné-Garriga et al., 2017; Kaminsky &
Javernick-Will, 2015; Kvarnström et al., 2011; Lazarte, 2016; Markard, 2011; NOWRA, 2007; Olsson,
2013; Starkl et al., 2013; Thomas et al., 2018; WHO/UNICEF, 2017). Services could be provided
through training, after-sales maintenance and other ancillary supports (Mihelcic et al., 2017; Tukker,
2015) as well as additional resource recovery and reuse from wastewater, faecal sludge and treatment
by-products, which could also provide irrigation, fertilizer and energy generation (Geum & Park, 2011;
Mihelcic et al., 2017; Mont, 2002; Murray & Buckley, 2009).
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DePaS advocates for redesign of sanitation technologies (Mont et al., 2006; Vezzoli et al., 2014; Vezzoli
& Manzini, 2008) by innovating and mitigating the negative environmental practices of existing sanitation
technologies (Ceschin, 2014). The aim is to incorporate cyclical thinking, cradle-to-cradle and ReGenSan
principles and concepts into new generation sanitation technological and infrastructural development
(Armstrong et al., 2015).

The main strategy is to shift from just providing ‘toilets’ to providing functional, reliable, quality, secure
and safe sanitation solutions (Cherubini et al., 2015) by offering added value (Barquet et al., 2013) as well
as integrated solutions (Manzini & Vezzoli, 2002) to develop ReGenSan compliant infrastructure
(Corvellec & Stål, 2017). It also provides incentives for technology designers and producers to ensure
that sanitation infrastructures are standardized by appropriate standard bodies (see Section 5.2.2) and
used as intensively as possible in order to make them as cost-and material-efficient as possible; and this
will shift the goal from being solely that of ‘safe disposal’ to ensuring that ‘resources are safely
captured for reuse’. DePaS reinforces the notion that reuse or utilization of wastewater, faecal sludge
and its embodied resources are components of complete sanitation in TeS. Hence, the design and
development of novel reuse-oriented sanitation infrastructure can leverage the improvement of long-term
efficacy of a treatment scheme by providing tangible and quantifiable incentives for sound operation
and maintenance that exceed those associated with running disposal facilities (Ceschin & Gaziulusoy,
2016; Geum & Park, 2011; Goedkoop et al., 1999; Mont, 2002; Tukker & Tischner, 2006). DePaS
facilitates designing site-specifically based on reuse-oriented facilities (on the PSEP foundation –

Section 4.2.1) from the outset of the planning process to ensure standards are met for for agriculture and
other applications.

5.4.1.3.2 Design for nature (DeN)

DeN is nature-inspired design with the focus being to develop nature-based sanitation technological
solutions (Nesshöver et al., 2017) using ‘cradle-to-cradle’ strategies (CTC) (Braungart et al., 2007;
Ceschin & Gaziulusoy, 2016; McDonough & Braungart, 2002), biomimicry (BM) (Badarnah & Kadri,
2015; Ceschin & Gaziulusoy, 2016; Gamage & Hyde, 2012; Helms et al., 2009; Kennedy & Marting,
2016) and the application of the principles of ecological engineering (Lyle, 1984, 1994; Todd &
Josephson, 1996; Todd & Todd, 1980, 1984, 1994) (see Section 2.4.2). DeN involves studying and
mimicking nature’s models, processes and ecosystems by adopting them to solve sanitation challenges
by using ecological standards to judge the rightness of innovations (see Section 2.4.2). It must be noted
that mimicry that isolates principles, structures or processes from nature lacks the true application of
DeN (Ceschin & Gaziulusoy, 2016; Reap et al., 2005; Volstad & Boks, 2012).

DeN reflects the principle of eco-effectiveness that eliminates or minimizes waste by converting
it to resources, and also integrates concepts of low energy consumption and mechanical technology,
which are better choices of low-cost treatment facilities for rural areas (Lens et al., 2001; Mahmood
et al., 2013). The current nature-based technologies that require innovative technological optimization
include:

(I) Wetland systems (WSs), designed to utilize natural processes involving wetlands, vegetation,
soils, solar energy, water and associated microbial assemblages to assist in treating faecal
matter and domestic wastewater. They are designed to take advantage of many of the same
processes that occur in the ecosystems, but do so within a more controlled environment (Brix,
1997; Boonsong et al., 2003; Edwards, 2004, 2005; Edwards et al., 1981; Edwards &
Sinchumpasak, 1981; Faulwetter et al., 2009; Mahmood et al., 2013; Polprasert & Koottatep,
2017; Vymazal, 2010; Wang et al., 2010; Wu et al., 2016);
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(II) Land treatment systems that use terrestrial biological and physical processes rather than aquatic
processes to treat sewage water by spreading over the land (Paranychianakis et al., 2006;
Polprasert & Koottatep, 2017); and

(III) Aquatic pond systems, which essentially replicate and intensify the process of the marine
environment in organic recycling by simultaneously filtering the water and assimilating the
solids into living organisms. They use water as a medium and treat sewage as it comes from
the conventional collection infrastructure (Abbas et al., 2006; Lyle, 1994; Mara & Pearson,
1998; Oswald et al., 1959, 1967, 1994; Polprasert & Koottatep, 2017; USEPA, 2011).

DeN’s nature-inspired eco-technologies should improve the sanitary and ecological conditions and at the
same time introduce a system of green space for recreational purposes in the communities. DeN
infrastructure guidelines could be used by landscape architects, planners and developers as the most
important and maybe the only possible generator of public green spaces, which are otherwise getting
sacrificed to other construction development (Elzein et al., 2016; Stokman, 2008).

DeN as a novel technology will best be utilized in new communities because it is possible to build it
into the landscape from the beginning. The treatment facilities can be integrated into subdivision designs
to treat wastewater of the communities. The treated water will then irrigate the landscape, consisting of
farmland and horticultural land as well as trees that produce fruit and firewood. Water not used by the
plants will soak through the land into subsurface storage. Thus, a circular flow will replace the one-way
flow by using the capacities of the landscape for assimilation, filtration, productivity and storage. The
distribution and redistribution network becomes part of the community’s infrastructure. From the aquifer,
the community can draw the water up again to supply domestic needs from where the circuit begins
(Lyle, 1984, 1994; Oswald et al., 1959, 1967) (see Figure 2.2). DeN innovative sanitation networks
could connect land use from the logic of the sani-sheds and/or watershed that provide the potential for
shaping the broader human, ecological and aesthetic objectives that have almost been lost (Kuitert, 2008;
Stokman, 2008).

5.4.1.3.3 Design for the base-of-the-pyramid (DeBoP)

DeBoP innovative technological designs target the estimated 4 billion people worldwide who live at the
base of the income pyramid (BoP) and are resource-constrained, with an annual income below a certain
purchasing power parity (PPP) threshold set at USD 2 per day (Ceschin & Gaziulusoy, 2016; Karnani,
2011; Ray & Ray, 2010). DeBoP is a market-based sanitation innovation that combines business
and technological development approaches, where the BoP are considered as producers and consumers
as well as business partners to be empowered, enabled and involved in the process of business
co-invention and co-creation that goes beyond the traditional donor assistance toilet provisions for the
poor without any considerations for their needs (Jagtap et al., 2014; Ramani et al., 2012; Simanis &
Hart, 2008). DeBoP objectives are to devise the most cost-effective way to provide sophisticated and
simple sanitation technologies that are robust, minimal maintenance, zero energy consumption and
resource-conservative. Simple technology means any or a combination of simple designs, low part count,
ease of assembly and other features; while sophisticated technology entails the use of cutting-edge
techniques to make frugal products (Pradel & Adkins, 2014). ReGenSan encourages DeBoP when it
integrates PSEP and resource recovery into one technological systemic whole to rejuvenate and revitalize
sanitation infrastructure by mimicking and contributing to nature’s system (see Chapter 1, 2 and 4).

The ‘Reinvent the Toilet’ challenge by the Bill &Melinda Gates Foundation developed several sanitation
technological prototypes such as the solar-powered toilet that generates hydrogen and electricity, the
California Institute of Technology (CalTech); the biological toilet that produces charcoal, minerals, and
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clean water, Loughborough University, UK; and the toilet that sanitizes faeces and urine and recovers
resources and clean water by the University of Toronto, Canada (Bill & Melinda Gates Foundation,
2012). There were also the solar septic tanks of the Asian Institute of Technology (AIT), Thailand
(Koottatep et al., 2014, 2015, 2016; Pussayanavin et al., 2015 – see Box 3.3) and a toilet user interface
developed by the Swiss Federal Institute of Aquatic Science and Technology (EAWAG) and Austrian
design firm EOOS (Bill & Melinda Gates Foundation, 2012). These are classic examples of novel
technology designs that target BoPs (see Box 5.6).

DeBoP seeks to develop novel designs that build an equitable and harmonious relationship
between supply and demand through development of products and services to meet the expectations and
needs of the target populations, and also encourages governments to assume a supportive and
promotional role for the development of entrepreneurs, education of citizens and development of
financial options that allows the matching of supply and demand (Baskovich, 2010) (see Sections 2.4.3
and 2.4.8). BoP, in this case, refers to the population exposed to open defecation (estimated to be nearly
1 billion people) and the 2.4 billion people using unimproved sanitation facilities (Baum et al., 2013;
Brands, 2014; Mara, 2003; WHO/UNICEF, 2017). BOP are the largest but poorest socio-economic
groups in the global income pyramid, and are characterized by poor public and private infrastructure
(e.g. electricity and roads), poor service availability (e.g. access to health) and/or an overall poor
institutional environment (e.g. access to capital or legal advice). Sanitation technologies that overcome
these constraints, which are significantly different from those at the top-of-the-pyramid (TOP), are BoP
innovations (Ramani et al., 2012; UNDP, 2008; Zeschky et al., 2014a, b).

DeBoP is derived from the concept of ‘frugal innovation’ often defined as designing products, services,
systems and business models to reduce complexities and total lifecycle costs, and enhance functionality,
while providing high user-value and affordable solutions for relatively low-income earners (Bhatti, 2012;
Hyvärinen et al., 2016; Leliveld & Knorring, 2017; Rao, 2013; Tiwari et al., 2016; Zeschky et al., 2011,
2014a, b). DeBoP provides the opportunity for innovators to respond to limitations in resources (whether
financial, material or institutional) and turn these constraints into innovative ideas for practical and
good-quality solutions that are accessible and affordable (Open ecosystem network 2017). To deliver
sanitation technologies that are ApT (see Section 2.4.1) to serve BoP requires different products and
services developed through problem-driven strategies with emphasis on defining the problems and
finding solutions within the context of place and scale (see Section 2.4.7). In this case, the designer
focuses closely on the problems at hand and not merely the exercise of generating solutions with little
time spent on understanding the problems (Christiaans & Restrepo, 2001; Jagtap et al., 2014; Kruger &
Cross, 2006).

Therefore, DeBoP works better with identifying critical needs, confirming the appropriateness of
the innovation to serve the need, building business delivery models compatible with socio-economic
contexts (see Sections 4.2.1 and 4.2.2), confirming the adsorptive capacity of the BoP as consumers,
identifying appropriate change agents within the BoP, ensuring that complementary institutions or assets
needed for sustained functioning of the innovation are available and ensuring co-creation of value with
all stakeholders including user communities, firms, public agents and other forms of existing
partnerships (Christensen et al., 2006; Jagtap et al., 2014; Prahalad & Hart, 2002; Ramani et al., 2012).

5.5 REGENSAN APPROACH TO SANITATION TECHNOLOGY
ReGenSan TeS promotes the adoption of practices and strategies that support the achievement of SDG no. 6
by advocating for sanitation technological infrastructures that are standard-driven to deliver functional
and safely managed SSC. Therefore, sanitation facilities are not considered regenerative if they are:
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(I) One-time use only such as ‘dig-use-cover’ or ‘poo-bag’ technologies, except in cases of
disaster/emergency,

(II) Infrastructure that combines human and non-human waste together and only for treatment and
disposal,

(III) Sewered and non-sewered infrastructure that do not treat all;
(IV) Linear sanitation infrastructure,
(V) Technically, socially and culturally dysfunctional sanitation facilities; and
(VI) Non-standardized sanitation infrastructure.

TeS is integratively and systematically designed to provide three-dimensional strategic solutions to address
challenges confronting sanitation technologies through the implementation of the principal dimensions of
TeS: EIDT (5.5.1), ReDT (5.5.2) and NoDT (5.5.3). TeS approaches provided in this chapter give new
insight and focus to practitioners, policymakers, researchers and entrepreneurs on how to navigate the
complexities of sanitation technological solutions and management. TeS dimensions and components
may be deployed for diagnostic, prescriptive, normative and analytical solutions and approaches so as to
rejuvenate and invigorate complex sanitation infrastructures. ‘Diagnostic’ tools enhance detailed
analytical and assessment processes to determine the status of existing infrastructure in order to develop
appropriate interventions that restore and improve existing technological solutions, as well as provide
insight for nouveau solutions. TeS ‘prescriptive’ tools build upon the diagnostics to strategically
determine the appropriateness and adequacy of previously applied interventions in order to promote
continuous improvement of existing ‘safely managed’ facilities. ‘Normative’ approaches support the
design, development, adoption and implementation of appropriate sanitation infrastructure standards
(terminologies, specifications, test methods and analysis, codes of practice, treatment and management
systems standards) that support the applicability, replicability and scalability of sanitation technological
solutions (see Section 3.3). In this respect, ReGenSan TeS recommends the following:

(I) Sanitation infrastructure should be adequately organized based on internationally, regionally and
nationally recognized and acceptable technical standard specifications for products, services,
processes, systems and performance, which will not only act as a place to relieve oneself but
also contribute to increased income and nutrition by producing fertilizer for sale or applied
directly for subsistent cropping;

(II) They should contribute to livelihood support for sanitation entrepreneurs, good health and
environment, in other words, regenerate the community (Kaminsky & Javernick-Will, 2015).

Hence, sanitation technology is not just the physical infrastructure above ground such as the user interface,
or the one below ground – the storage/receptacle, which actually holds the human waste. A user interface
unconnected to a receptacle for treatment and resource recovery/reuse might better be called a seat and, in
the same vein, a sewerage connection without treatment is just a conduit; and it should be noted that these
materials by themselves do not constitute sanitation infrastructure. They must be purchased, transported,
properly assembled, adequately and appropriately constructed and installed in order to be more than
plastics, pipes, wood and concrete. Similarly, sanitation infrastructure needs people to use it and fix it
when it breaks down and can only improve health and environmental quality when adopted by entire
(geographic) sani-sheds. The World Bank, 2018 report observed that the concept of ‘safely managed’
directly addresses community safety because of the recognition that sanitation service must be applied
on multiple scales to be effective and must strongly support the extension of boundaries beyond
household toilets/latrines (household safety) to service chain management in sani-sheds (Thomas
et al., 2018).

Technological system 183

Downloaded from http://iwa.silverchair.com/ebooks/book/chapter-pdf/869429/9781780409689_0141.pdf
by guest
on 22 May 2023



Simply put, sanitation technologies should gather households, businesses and communities to work
together within defined technical and sociotechnical standardized frameworks (Kaminsky and
Javernick-Will, 2015). The ReGenSan sani-shed (catchment/community safety) concept is based on this
rationale because studies have shown that no comprehensive sanitation treatment and management
solutions can take place at household levels only (Zurbrugg & Tilley, 2009). The sani-shed level is a
basic management unit where sanitation issues are addressed and resolved with adequate sociotechnical
support for optimal performance of sanitation infrastructure that will guarantee household and
community safety.

5.6 EXERCISES
(I) What are the differences between sanitation infrastructure and sanitation infrastructure

standardization? Give examples.
(II) What are the challenges of sanitation infrastructure globally and why?
(III) Mention some sanitation standards and standard-setting organizations and group them as formal

and informal.
(IV) Discuss the challenges of sanitation infrastructure standardization globally, regionally,

nationally and locally.
(V) Compare sanitation infrastructure in Japan, Australia, USA, EU, South Africa, China, Thailand,

Nigeria, Uganda and Canada (choose any five).
(VI) Briefly discuss ReGenSan proposed elements for sanitation infrastructure standards and give

your own insights on each and its potential effectiveness and practicality.
(VII) Give your own insights as to what is happening in Figure 5.10 and compare with the current

sanitation situation in your country.
(VIII) Briefly discuss the inter- and transdisciplinary approach to product and service technology

design for sanitation infrastructure.
(IX) Briefly discuss the SSC functional groups for describing sanitation technologies.
(X) Design a scenario where sanitation infrastructure at scale runs through the SSC to final use

within a particular sani-shed for agriculture, horticulture and aquaculture and finally
constructed wetlands. (a) Describe the technologies required at each step based on ReGenSan
Principles, (b) Mention and describe the processes of each step, (c) Mention and describe
processes and interactions at the point of use, (d) Mention and describe the benefits, risks
and mitigation.

(XI) What are the constraints of EIDT and how could they be overcome?
(XII) Critically discuss types of failure in sewered and non-sewered sanitation infrastructure and

possible prevention and remediation.
(XIII) What are the factors responsible for failure and dysfunction in sewered and non-sewered

sanitation infrastructure that are not related to age? Discuss.
(XIV) What are the barriers and drivers for sanitation infrastructure technological innovations? How

can ReGenSan redirect innovation?
(XV) Identify and explain at least five (not included in this chapter) new sanitation technology

concepts/projects and indicate how they relate to ReGenSan principles and theory.
(XVI) Briefly discuss the components of NoDT and insights into possible innovation indicators.
(XVII) What are the considerations for DePaS, DeN and DeBoP? Then discuss the interconnection

between them.
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(XVIII) Assess any two of the Reinventing Toilets Technologies (see Section 5.5.3.1.3) of the Bill &
Melinda Gates Foundation, which targeted users in BoP, and determine whether they meet
the DeBoP criteria. Give reasons for your claims.

(XIX) Briefly and critically discuss the role of indigenous/local knowledge in ReGenSan
implementation.

(XX) What are the opportunities ReGenSan TeS offer for sanitation infrastructure investment?
(XXI) Identify challenges, pitfalls and entryways for sanitation infrastructure/technology investment

locally and globally.
(XXII) Discuss the placement and importance of ancillary services within the SSC (e.g. providing

waste collection receptacles and disposal for products used for anal cleansing and
menstruation and any other such services).

(XXIII) How should acceptability issues be considered in technology development?

5.7 RECOMMENDATIONS FOR FUTURE RESEARCH
(I) Explore context-specific technical specification standards for different sani-technologies

(products and services) within sani-sheds at varying levels.
(II) Examine existing standards, their potential impacts and adoption at national, regional and

local levels.
(III) Examine the role of standards in sanitation technology design and manufacture as well

as investment.
(IV) Do we really need specification and technical standards in sanitation, and how will this impact

the SDGs and the NGOs/multilateral organizations involved with sanitation intervention for the
vulnerable?

(V) Review the challenges and prospects of standards and regulatory frameworks in sanitation
infrastructure management.

(VI) How can the SDG 6 targets of acceptability, quality and safely managed sanitation facilities at
local levels be achieved, where possible?

(VII) Explore the use of uniform classifications and typologies for sanitation infrastructure,
technology products and services as well as components and resources.

(VIII) Explore ways to ensure applicability, scalability, replicability, standard performance quality and
reliability of sanitation technologies irrespective of location.

(IX) Explore ways to ensure return on investment for entrepreneurs and manufacturers of sanitation
technologies (products/services) to encourage the uptake of innovative solutions beyond
pilot scales.

(X) Conceptualize and design a certification process for any sanitation infrastructural systems at all
levels – global, regional, national and local.

(XI) Explore context-specific sanitation infrastructural system designs based on ReGenSan
principles.

(XII) Explore the potential of a transdisciplinary approach for developing sanitation technology
solutions to rural and urban poor areas as well as densely populated areas in research
and practice.

(XIII) Critically examine the ReGenSan TeS process of ecologically sustainable management in
sani-sheds i.e. the front-end, middle-end and back-end structures.

(XIV) Explore and develop parameters for reliability and resilience assessment of sewered and
non-sewered sanitation infrastructure (serviceability and functionality).
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(XV) Develop integrated risk-based assessment and management of EIDT infrastructure
(sewered/non-sewered), and take into consideration constraints of urbanization, population
growth and technological malfunction.

(XVI) Explore methods failure management in EIDT/ReDT using integrated risk-based strategy for
predictive maintenance.

(XVII) How can EIDTs be made to comply with new regulatory standards as regards to pollution
control, effluent discharge, carbon emission reduction, etc?

(XVIII) Explore how to rejuvenate abandoned and degraded sites damaged by bad sanitation practices.
(XIX) Explore and develop best approaches and practices for end-of-life decommissioning of

irredeemable sanitation infrastructure.
(XX) Investigate using conditions assessment approval for restoration of dysfunctional sanitation

technology and infrastructure systems.
(XXI) How can DePaS components be designed into a traditional sanitation infrastructure (e.g. septic

tank, VIP latrine and urine-diverting dry (UDDT)?
(XXII) How can the DePaS components be incorporated into the upgrading of existing sewer sanitation

infrastructure? (e.g. wastewater treatment plant, conveyance, wetlands etc).
(XXIII) Explore design for context-specific sanitation product technology based on DePaS for densely

populated areas and urban centres in developing countries.
(XXIV) Using the principles of BaB (see Section 2.4.2), PaS (see Section 2.4.7) and SES (see Chapter

4), design a context-specific sanitation technology system (e.g. wetlands, land treatment and
aquatic system) that mimics the shape, size, structure, processes and functions of particular
natural flora and fauna – and reflects the full SSC.

(XXV) Explore and develop design criteria for DeBoP for any sanitation technology and infrastructure.
(XXVI) Explore the role of indigenous/local knowledge in technology development and user

acceptability.
(XXVII) Investigate possible options for affordable and quality sanitation technologies

(products/services) that fit with the SDG 6 targets of safely managed facilities.
(XXVIII) Explore new models for infrastructure and technology investment along the SSC.
(XXIX) Explore sanitation service infrastructure investment for practical and effective solutions based

on ReGenSan principles and TeS dimensions.
(XXX) Explore the design and production of replicable and scalable sanitation technologies

(products/services), taking due account of return on investment for uptake by manufacturers.
(XXXI) Explore your university or college campus sanitation infrastructural system by assessing

the campus as a sani-shed using ReGenSan principles and TeS dimensions and make
recommendations.
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