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Dedication

This book is dedicated to the memory of Professor Chris Buckley, who devoted his
life to providing water and sanitation services to the unserved.
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Foreword

This decade will set the course for the future of present and upcoming generations.
The impact of today’s decisions reaches further into the future than those of earlier
decades.

The concept of Planetary Boundaries and the collective efforts to avoid tip-
ping points where human activities could give rise to planetary-scale ecological
regime shifts were important markers on the road to the Paris Agreement under the
United Nations Framework Convention on Climate Change, negotiated in 2015
and signed in 2016.

Five years on, we talk a lot about climate change mitigation. We are also making
progress with the instruments, policies (e.g. “Fit for 55” package) and its perception
among the population – including the business community – that urgent action is
required now, and that we need to speed up.

We talk far too little about biodiversity. A very inconvenient fact indeed from
the perspective of climate change mitigation itself, because part of the solution to
the problem lies in the protection of biodiversity. Here are two examples:

• About half of the greenhouse gas emissions are absorbed by ecosystems – the
oceans, the soil and forests. At the same time, however, we are weakening the
sink capacity of ecosystems – that is, their ability to bind greenhouse gases –
by, for example, cutting down forests or draining peatlands and then turning
them into agricultural land. More greenhouse gases and less biodiversity: we
are burning the candle from both ends!

• The second point is discussed even less: All the scenarios that we have direct-
ing and enabling us to limit global warming to between 1.5 and 2 degrees
show us: we need negative emissions from 2030, 2035 onwards. To get there,
we depend on the ecosystems we have now to a considerable extent – but

ix



x Foreword

ecosystem stabilisation is not enough, we will need expansion: of global forests
and wetlands.

Sustainable water management is a crucial prerequisite for the stabilisation of
our ecosystems and vice versa – its loss impacts our water security adversely. In this
context, how we safely manage wastewater and faecal sludge in our habitat becomes
key – the climate dimension (and its financial instruments) is adding to the wealth
of knowledge around public and environmental health.

This is why the INNOQUA project and this book are so timely. Demonstrated
at numerous locations worldwide, INNOQUA convincingly innovates the struc-
ture and process engineering of wastewater treatment in terms of “Nature Based
Solutions” – an eye opener!

Congratulations and thanks to all members of the project team – one of who
sadly passed away just before this publication. It is with gratitude that we remember
our academic advisor and friend Prof. Chris Buckley from the WASH R&D Centre
at the University of KwaZulu Natal. His commitment to the INNOQUA project
was invaluable.

The time for wastewater innovation is now – INNOQUA shows us a way.

Stefan Reuter
Member of the Supervisory Board of the Faecal Sludge Management Alliance and
Independent Advisor, Germany
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Chapter 1

Introduction to the INNOQUA Project

By Jean-Baptiste Dussaussois

1.1 Introduction

Access to safe sanitation, wastewater treatment and drinking water are key pillars
of societal development and individual quality of life. However, despite significant
efforts over recent decades, there remain many shortcomings in the provision of
sanitation and wastewater treatment and the water cycle is still managed ineffec-
tively. Natural water resources, potable water and wastewater are all components of
this cycle which interconnect with a larger water system that, in turn, supports life
on earth.

Much work has been done to solve the worldwide sanitation issue. However,
despite these efforts, United Nations SDG (Sustainable Development Goal) 6
(“Ensure availability and sustainable management of water and sanitation for all”)
has yet to be achieved (United Nations, 2021). Two-thirds of urban wastewaters
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2 Introduction to the INNOQUA Project

are discharged without treatment into lakes, rivers and coastal waters, while poor
hygiene and sanitation contribute to more than 1,000 daily deaths of children under
the age of five from diarrhoeal diseases (UNICEF, 2020). Estimates suggest that the
lack of sanitation costs upwards of 200 billion USD every year – although for every
1 USD invested in water and sanitation, there is more than a 4 USD return in the
form of reduced health care costs (WHO, 2014). With less than 10 years left until
2030, the rate at which sanitation coverage is increasing will need to quadruple if
the world is to achieve the SDG sanitation targets (UNICEF and WHO, 2020).

This is not an issue that is confined to developing countries, by which we mean
those in the ‘Global South’, as defined by the United Nations Development Pro-
gramme (UNDP, 2004). Although wastewater treatment is broadly considered to
be well established in the urban areas of many developed countries, the situation
is not actually so deep-rooted. Many countries of the Global North encounter
difficulties in providing sustainable sanitation for their whole populations. For
example, rural areas, small or remote communities, and low-income areas are chal-
lenged in using conventional technologies to treat wastewater due to their high
operational and capital costs, and associated societal issues. Even when sanita-
tion facilities are in place, their management and maintenance can present ongo-
ing issues. In many cases this means that wastewater ends up being discharged
directly into water bodies (or discharged following minimal treatment), resulting
in significant environmental damage and leading to health, social and economic
impacts.

Many wastewater treatment solutions are already available to address these sani-
tation challenges, ranging from highly technical centralised systems fed by extensive
sewer networks to simple low-tech decentralised units suitable for single households
that offer on-site treatment and disposal. Decentralised technologies are often con-
sidered as a temporary solution until sewer-based systems can be built, although
more than 2 billion people rely on on-site systems such as pit latrines, septic tanks
or soakaways. It is expected that by 2030 this number will increase to around 5
billion people (Cairns-Smith et al., 2014). In this context, decentralised wastew-
ater treatment can be viewed as flexible, rapidly-deployable and durable – not a
stop-gap, but rather a sustainable long-term option.

Sustainability is an increasingly relevant factor, not only in terms of delivering
treated wastewater of a quality appropriate to the receiving environment, but also
in financial terms and achieving zero net carbon emissions. Centralised wastew-
ater treatment systems not only require skilled staff, continuous observation and
management – but they are significant users of electricity. Estimates range from 0.3
to 2.1 kWh per m3 of wastewater treated in the EU, and between 0.41 to 0.87
kWh per m3 of wastewater treated in the USA (Gandiglio et al., 2017). Outside
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the utilities the percentage of energy devoted to wastewater treatment can be under-
appreciated (Capodaglio and Olsson, 2020).

Decentralised wastewater treatment solutions present their own challenges. Poor
construction and maintenance – combined with inadequate user training – can
all lead to substandard treatment. Nonetheless, the potential to intensify natu-
ral depuration processes and deliver sustainable decentralised solutions remains
significant. The challenges and opportunities for such innovative nature-based
wastewater treatment solutions (‘NBS’) are explored in this book through a vari-
ety of lenses that include: regulatory barriers and drivers, experience with exist-
ing solutions in the Global South, the importance of resource recovery – and the
INNOQUA project, which set out to develop and field test a suite of new NBS.
These solutions are defined as “inspired and supported by nature, which are cost-
effective, simultaneously provide environmental, social and economic benefits and
help build resilience. Such solutions bring more, and more diverse, nature and nat-
ural features and processes into cities, landscapes and seascapes, through locally
adapted, resource-efficient and systemic interventions” (European Commission,
2021). INNOQUA drew on the diverse experiences of partners, highlighting the
value of international collaboration in delivering innovative research and technolo-
gies in 12 countries:

• Ecuador • Ireland • Spain
• France • Italy • Tanzania
• Germany • Peru • Turkey
• India • Romania • United Kingdom

1.2 Status of Sanitation Provision

The World Health Organization defines safely managed sanitation as:

“… improved sanitation facilities that are not shared with other households and where
excreta are safely disposed of in situ or transported and treated offsite. Improved sanitation
facilities include flush/pour flush to piped sewer systems, septic tanks or pit latrines: ventilated
improved pit latrines, composting toilets or pit latrines with slabs” (WHO, 2021).

In this section we briefly examine access to improved sanitation within INNO-
QUA partner countries in the Global North and Global South – as indicators of
the need for increased sanitation provision and therefore potential market sizes for
novel solutions such as those developed by INNOQUA.
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1.2.1 The Global North

Although access to safely managed sanitation is generally extremely high in the
Global North, it is by no means universal, and access for urban populations is
frequently higher than access for rural populations (Table 1.1). Overall, data for
Europe and North America indicate that more than 80% of the total population
has access to a sewer system (at the end of which some form of wastewater treatment
takes place), while roughly 10% of the population rely on decentralised or on-
site solutions such as septic tanks (UNICEF and WHO, 2020). As explored in
Chapter 3, septic tanks are by no means fool proof and can act as point sources
of environmental pollution unless appropriately located, constructed, maintained
and operated.

Table 1.1. Populations of INNOQUA partner countries in the Global

North, the percentage of the total populations using safely managed

sanitation and the percentage of the rural populations using safely man-

aged sanitation. Data from The World Bank (2021) for 2017. NR = Not

Reported.

2017 % Population % Rural Population
World Population Using Safely Using Safely
Bank Data (Millions) Managed Sanitation Managed Sanitation

France 66.9 88.4 NR

Germany 82.7 97.2 91.8

Ireland 4.8 82.4 72.2

Italy 60.5 96.2 96.1

Romania 19.6 76.5 NR

Spain 46.6 96.6 96.7

UK 66.1 97.8 91.8

Data summarised in Table 1.1 also highlight the differences between total and
rural sanitation provision in Europe. Installation of collective sewer networks and
associated centralised wastewater treatment can be inappropriate for dispersed rural
populations. In their place, septic tanks, package plants and other decentralised
solutions are required. This can lead to diffuse pollution over wide areas unless
there is adequate central government or local authority oversight – and sufficient
user training or other communication that supports robust operation and mainte-
nance of such solutions. For example, the estimated contribution of water pollution
to eutrophication of France’s coastal waters, the associated loss of tourism revenue
and the direct cost to remove algae may be in the order of 100 to 200 million
USD per year (OECD, 2017). Tourism is also relevant as a potential contributor to
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environmental contamination. As more and more “eco-friendly” lodges and other
tourism facilities are built in natural and sensitive environments, delivery of sus-
tainable wastewater treatment facilities becomes essential. These remote areas are
excellent locations to install on-site/decentralised sanitation systems to preserve the
local environment.

This does not mean that urban developments provide no opportunities for
decentralised wastewater treatment solutions. For example, although regulatory
instruments such as the European Urban Waste Water Treatment Directive sug-
gest that collective sewerage systems be provided where population centres exceed
specified thresholds, alternative approaches are permitted (OJEU, 1991). As urban
populations continue to grow in the Global North, and climate change goals force
re-examination of the long-term viability of centralised wastewater collection and
treatment, there are likely to be many opportunities for future integration of novel
decentralised solutions in both urban and rural environments.

1.2.2 The Global South

Provision of sanitation is far less extensive in the Global South. For example, when
considered at a regional level, only 31.3% of the whole population of Latin Amer-
ica and the Caribbean have access to safely managed sanitation – while this num-
ber drops to just 18.7% of the population of Sub-Saharan Africa (2017 data from
The World Bank (2021)). When INNOQUA partner countries are considered,
then provision can be seen as highly variable (Table 1.2).

These headline figures obscure a number of important aspects. For example,
in Quito (Ecuador), city authorities have overseen the installation of an extensive
sewerage network. However, 95% of the collected wastewater from a city of 2.5
million inhabitants is discharged to the environment without treatment. The local
municipal agency – EPMAPS – has initiated the “River Depollution Program”
(EPMAPS, 2020), launched in November 2016 with the commissioning of a new
treatment plant located in the south of the city (Quitumbe) that was designed to
treat around 5% of the city’s wastewater flow at that time (Davis et al., 2016).

In Peru, according to the last census of 2017 the population was ∼29 mil-
lion, with 79% in urban areas and 21% in rural areas (INEI, 2021). In terms
of access to sanitation systems, 72.7% of the country has a sewer service (INEI,
2015) but only one third of the population has access to safe sanitation (The World
Bank, 2021). Another important factor to consider is that while production per
capita of potable water is approximately 216 L/inhabitant/day, transmission losses
of 20% occur across the water distribution network (SUNASS, 2015). Moreover,
in Peru, out of 253 population centres, 89 do not have a system for wastewater
treatment.
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Table 1.2. Populations of INNOQUA partner countries in the Global

South, the percentage of the total populations using safely managed

sanitation and the percentage of the rural populations using safely man-

aged sanitation. Data from The World Bank (2021) for 2017. NR = Not

Reported.

2017 % Population % Rural Population
World Population Using Safely Using Safely
Bank Data (Millions) Managed Sanitation Managed Sanitation

Ecuador 16.8 42.0 57.2

India 1,339 NR 39.1

Peru 31.4 42.8 NR

Tanzania 54.7 25.4 22.4

Turkey 81.1 65.2 NR

The Water and Sanitation Program (part of World Bank Group’s Water Global
Practice) released a study in 2011 that estimated the total economic impacts of
inadequate sanitation in India to be 53.8 billion USD a year – the equivalent of
6.4% of India’s GDP in 2006, or 48 USD per person (Tyagi, 2011). The same
study presents data on access to sanitation and reports that 70.6% of the Indian
population did not have access to improved facilities – and among these, 55.3%
were defecating in the open (compare with the more recent data on safe sanitation
access amongst India’s rural population, Table 1.2).

In Africa, sanitation access is also a major issue with more than 70% of the popu-
lation in Eastern and Southern Africa (340 million people) having no access to basic
sanitation services (UNICEF, 2021). Among these, 98 million people (19%) prac-
tise open defecation, 179 million use unimproved facilities and 63 million shared
sanitation facilities. Ethiopia, Uganda, Kenya and Tanzania have by far the largest
number of people in the region with no access to basic sanitation services. Access
to basic sanitation services in some communities has only increased by 6% since
2000 and projections show that at current rates only 36% of the population of
these countries will have access to basic sanitation services by 2030 (UNICEF and
LIXIL, 2020). To achieve universal access to at least basic sanitation by 2030, global
rates of progress would need to double (UNICEF and WHO, 2020).

It has been estimated that achieving full access to safely managed sanitation
would cost in the order of 105 billion USD (Hutton and Varughese, 2016). Mean-
while poor sanitation and water supply result in annual economic losses estimated at
260 billion USD in developing countries – equivalent to about 1.5% of their GDP.
This gap provides a huge stimulus for the development and promotion of new
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approaches for sustainable, cost-effective and low maintenance wastewater treat-
ment solutions (Hutton, 2013).

1.3 Barriers to the Implementation of Sanitation

Globally, ∼12% of the population resorts to open defecation and a further ∼20%
only have access to basic sanitation. This equates to about 2.5 billion people around
the world without access to proper sanitation (WHO and UNICEF, 2017). Solu-
tions to bridge this gap already exist (Rahmasary et al., 2019), but there are a num-
ber of barriers:

• Resource Availability: Wastewater treatment systems require the use and avail-
ability of materials and energy for construction; skilled personnel at design,
construction and operation phases and resource consumption during oper-
ation. Electricity is usually a core resource requirement to ensure stable and
robust operation, and the electrical requirements of wastewater treatment are
significant at a global scale. Access to steady electricity supplies is not always
possible;

• Technical: Commonly used wastewater treatment plants can be adapted to
various situations. Nevertheless, all collective wastewater treatment plants
require an associated sewerage network, with implied maintenance and oper-
ation costs. Despite the benefits of removing wastewater from the source of
production to the treatment plant, this doesn’t allow subsequent reuse of
treated wastewater on site;

• Economic: Any treatment system requires sufficient financing, mostly by gov-
ernment or local authorities in the case of a collective system. Where potable
and wastewater costs are bundled into single utility charges, this can dis-
incentivise the implementation of on-site systems, where treatment is not
the responsibility of the central utility. Where provision of sewage treatment
systems is borne by the individual this can also provide financial challenges;

• Social and educational: Social acceptance is a key parameter for the imple-
mentation of any wastewater treatment system. Communicating the goals of
the system to key stakeholders is essential in order to obtain a “social licence”
to install and maintain a system – and facilitates any requirement for the sys-
tem to raise revenue to pay back the investment. Furthermore, in the case of
water reuse, demonstration of previous successful examples has been shown
to improve public perception when compared to standardised educational
workshops/programmes (Rupiper and Loge, 2019);
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• Space requirement: Availability of space is one of the limitations for any treat-
ment system – whether centralised or decentralised. However, architectural
integration of decentralised systems can be achieved in many projects, deliv-
ering positive aesthetic and environmental benefits at a community scale that
are not possible with centralised approaches and

• Governance: Issues such as competing political agendas and priorities, incon-
sistent policy and management and institutional inertia can all impede the
development and roll out of successful sanitation programmes (Rahmasary
et al., 2019).

These limitations can be illustrated through the example of India. By 2024
India is expected be the most populous country in the world with a population
greater than 1.3 billion people (United Nations, 2017). Poor sanitation has signif-
icant health costs, and untreated faecal sludge and septage from cities is the sin-
gle biggest source of water resource pollution in India. India’s biggest cities have
large, centralised sewerage systems with vast underground pipelines, pumping sta-
tions and huge treatment plants. These systems are expensive to build and even
more expensive to operate, as they require continuous electrical power, access to
skilled operators and extensive electro-mechanical maintenance. It is for these rea-
sons that India’s 7000+ small towns (those with populations of less than 100,000)
do not have such systems and are unlikely to be covered by centralised sewer-
age systems in the near future (Government of India Ministry of Urban Devel-
opment, 2017). When looking more closely at approaching challenges, India’s
fresh water resources amount to 4% of the global total, while the population
amounts to 14% of the global total (Dhawan, 2017). The need to conserve water
resources by minimising consumption – and maximising reuse of treated wastew-
ater is extremely pressing. Decentralised, nature-based solutions can contribute to
meeting these challenges and India is the perfect country to broadly deploy such
solutions. Furthermore, with a huge variation in climate zones (including tropical,
arid, temperate and even polar [mountainous] regions), very large urban and rural
populations and a broad range of social classes, India provides a significant challenge
but also a wide range of scenarios within which novel approaches to sanitation and
wastewater treatment can be developed and successfully translated for use in other
countries.

1.4 The INNOQUA Project

It was within the context of these challenges that the INNOQUA project con-
sortium was established in 2016, to develop modular, sustainable, affordable and
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innovative wastewater treatment solutions for both rural and urban contexts.
The consortium comprised 20 organisations with diverse backgrounds and skills,
and included Non-Governmental Organisations (NGOs), Universities, Commer-
cial Research Organisations, Technology Providers, Business Development and
other entities from 12 different countries. The project was supported by the Euro-
pean Commission through the Horizon 2020 research and innovation programme
under grant agreement No. 689817, with a budget of e6.9 million.

The key aim of the INNOQUA project was to integrate individual modular,
low-cost, sustainable and biologically-based water treatment and reclamation tech-
nologies in configurations matched to local contexts and markets. The INNOQUA
solution comprised four treatment technologies, which were combined in different
configurations to suit local conditions. Remote system monitoring and operation
was used where required to both enable more comprehensive system management
and also determine its likely robustness in long-term monitoring of systems in var-
ious scenarios. The four technologies deployed were:

• The Lumbrifilter which acts as a primary and secondary treatment system.
It comprises organic and inorganic media which provide a development sub-
strate for physical and biological filtration. Earthworms consume and digest
organic solids, while dissolved pollutants are consumed and transformed
within a microbial biofilm;

• The Daphniafilter which provides tertiary treatment through a combination
of microbial biofilm, floating macrophytes and Daphnia;

• Biosolar Purification system (BSP) which acts as a tertiary treatment solution
through the activities of a microalgal biofilm. Designed for use in climates
with high insolation, the thin layer cascade design of this unit also delivers
partial disinfection through exposure to sunlight; and

• UV disinfection, which acts as a quaternary system using pulsed ultraviolet
radiation to disinfect pre-treated wastewater before its reuse or discharge into
the environment.

Figure 1.1 provides an overall schematic for the INNOQUA solution, showing
how the different technologies can be integrated.

The project passed through different phases to clearly understand, optimise and
evaluate the system:

1. Laboratory scale tests allowed the team to understand the limits of the nature-
based solutions in terms of wastewater treatment efficiency, and also provided
opportunities for process optimisation through adjustments to filter media
and bed depth/loading rates etc;
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2. On-site prototype tests enabled the team to test and monitor the different
technology integrations at two pilot sites under real (but controlled) condi-
tions, receiving diverted flows from municipal wastewater treatment facili-
ties. This phase allowed the performance of technologies to be tested with
real wastewater under different hydraulic load and climatic conditions; and

3. During the final phase, various technology combinations were installed at
demonstration facilities in 11 countries, as shown in Table 1.3. The systems
were operated and monitored under real conditions to analyse their treatment
efficiency and any required maintenance. This monitoring also informed Life
Cycle and Life Cycle Cost Assessments to ensure the relevance of the solu-
tions in their intended markets.

Figure 1.1. The INNOQUA technologies.

Table 1.3. Locations of the INNOQUA demonstration sites and the different

modular integrations used at each.

Countries Lumbrifilter Daphniafilter UV BSP

Ireland X × × ×

Italy X × X ×

France X X × ×

UK X X X ×

Turkey X X X ×

Romania X X × ×

Ecuador X X × ×

Peru X X X X

Tanzania X X X ×

India X X X X
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The demonstration sites were selected as representative of a broad range of
environmental conditions, influent characteristics, regulatory requirements and
discharge or reuse needs from the end users. Filter media (both biological and min-
eral) as well as the various required biological organisms (earthworms, Daphnia,
microalgae, etc.) were all sourced locally to each demonstration facility. It should be
noted that in addition to the Lumbrifilter and Daphniafilter demonstration site in
France, a second demonstration facility was installed at an inland aquaculture facil-
ity to test the potential for lumbricomposting of the industrial sludges. The results
from this second French installation are not described in this book.

In their various combinations, the INNOQUA modules delivered effective
wastewater treatment at low cost and with minimal sludge production. This showed
how the impact of wastewater on the environment could be reduced sustainably –
protecting rivers and wider biodiversity. Beyond these important quality aspects, the
INNOQUA system decreases stress on water resources by facilitating water reuse.
Although the project concluded in November 2020, monitoring remains on-going
at the majority of the demonstration sites and will contribute to future commercial
development of the INNOQUA technologies, as described in Chapter 9.

The INNOQUA project worked for 4.5 years from early concept to full deploy-
ment of the technologies at the demonstration sites. Given the broad variety of
wastewater characteristics, climatic conditions, regulation and social considerations
across the different sites, the project was not without challenges. This book con-
siders these challenges, the solutions implemented, and lessons learned. Twenty
project partners all brought different skills and experience, with varying knowl-
edge of wastewater treatment as required by the different project roles. Delivering
2 pilot, 10 demonstration sites and 1 showcase facility in 11 different countries
required extensive collaboration from local partners – both in terms of identifying
sites where equipment could be installed and monitored over a period of years, and
also in practical terms of delivering and monitoring the systems. A key aspect of
the project was ensuring a two-way information flow. In this, lessons learned from
sites in one country could be adapted and used to improve system operation in
another country. These exchanges also highlighted the creative possibilities when
a team integrates experiences from the Global North and Global South, develop-
ing solutions with truly global potential but from a context of very different local
market conditions.

Reactors for the 10 main demonstration sites were all shipped from a single
facility in Europe (as were the UV treatment units), while availability of suit-
able pumps and other ancillaries varied greatly between different partner coun-
tries, together with access to commercial laboratory services with adequate quality
controls to allow partners to check the accuracy of field-collected data. In some
cases, installations were dependent on construction activities that were unrelated
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to the project and completely outside our control, while in others the wastewa-
ter characteristics or flows varied considerably between initial testing and design –
and system implementation. However, the simplicity of the selected nature-based
solutions meant that their implementation could readily be flexed on the ground –
whether through changing filter media and dosing rates or even the dosing systems.
The COVID-19 pandemic hit the project during later stages of field testing and
for some months it was not possible to even visit the installations. Nonetheless,
treatment efficiencies quickly rebounded. In some cases more sophisticated techni-
cal elements (in-line flow meters, remote monitoring units, dosing pumps) failed
under the stressful operational conditions, while the biological treatment elements
continued to deliver.

The following chapters provide both a comprehensive overview of the need and
opportunities for nature-based sanitation solutions, as well as detailed explorations
of the theory and practice of each modular INNOQUA solution.
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Chapter 2

Drivers and Barriers Towards
a Sustainability Transition

in the Wastewater Sector – A Nexus
Perspective with Nature-based Solutions

By Tatjana Schellenberg

Clean water and sanitation are key elements of society and represent fundamental
pillars to poverty alleviation. Despite their significance, service delivery challenges
remain after many decades. With the absence of progress predominantly rooted in
lack of funding, debates and discussions continue and usually concentrate around
the question of finding the right business case for a sector, which is understood as
an essential inclusive public necessity and often evolves as a non-profit space with
limited revenue streams.

While challenges in the overall development of the wastewater sector continue,
pressures are rising in water scarcity, food insecurity and ongoing climate change
coupled with increasing energy demand. Although the potential for the wastewater
sector to contribute to reduced water scarcity has long been recognized, it also holds
huge potential in terms of nutrient and energy resources. This potential could not
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only help to address the various acknowledged pressures but also fundamentally
change the wastewater sector into a profitable resource centre, driving forward a
sustainable transition and sectoral development.

This study examines the drivers and barriers towards a sustainability transition
in the wastewater sector under a nexus perspective in 12 different countries. Nexus
approaches integrate environmental management and governance across multiple
sectors and scales. Although pressures can be observed in all sectors at a land-
scape level, water insecurity forms the major driver towards a circular approach
and adaptive policies at regime levels, while direct regulations towards the recycling
or recovery of nutrients and energy or GHG mitigation mostly lag behind. Fur-
thermore, high deviations can be observed between the Global North and Global
South. Despite typically higher pressures in the Global South, the implementa-
tion of adaptive and innovative policies is more commonly observed in the Global
North.

2.1 Introduction

The sanitary revolution in the 19th century in Europe is considered to be one of the
most important medical milestones since 1840 (BMJ, 2007). Despite subsequent
advances in technology and access to wastewater services, about 55% of the global
population still do not have access to safely managed sanitation facilities (WHO,
2019). This causes a significant burden on public health and contamination of the
environment. These issues are now exacerbated by new challenges. More than 2 bil-
lion people are living in countries with high water stress (UN, 2018a). Meanwhile
global water demand is reported to grow at twice the rate of population (UN Water,
n.d). During the last two decades land area use for agriculture has increased by 16%
and the area of irrigated agricultural land has doubled (UNCCD, 2017). The agri-
cultural sector represents globally the major water user accounting for over 70% of
all water withdrawals (UNCCD, 2017; WRI, 2018). However, despite the observed
agricultural expansion and achievements in tripling agricultural production, two
billion people are still affected by food insecurity (FAO, 2017). Unsustainable land
management practices are reported to cause an annual loss of soil in the range of 24
billion tonnes each year (UNCCD, 2017). In order to achieve production targets,
immense amounts of fertiliser are applied. Production of these is energy intensive
and their use accounts for one of the major causes of water pollution (Gellings and
Parmenter, 2004; FAO and IMWI, 2017). While available phosphorus resources
are facing depletion, most conventional wastewater treatment plants are generally
designed to remove (rather than recover) potentially valuable nutrients, and often
at high costs (Daneshgar et al., 2018; Larsen et al., 2013). Climate change and an
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increasing demand for bioenergy are adding to the complexity and sectoral conflicts
over resources.

In response to these accelerating pressures, there is a growing consensus that
society cannot afford anymore to waste valuable water resources, nutrients, and
the energetic benefits that wastewater can provide. Given the deeply interrelated
dynamics of water, land and energy management systems – and the recognized
benefits of wastewater – integrated resource management combining all sectors
is needed in order to achieve sustainable and circular management (Brundtland,
1987; Capodaglio and Olsson, 2019). The nexus approach forms the newest inte-
grated management paradigm for such a concept (WEF, 2011; Simpson and Jewitt,
2019; Benson et al., 2015; Al-Saidi and Elagib, 2016).

Historically the main function for sanitation systems was the protection of
human health by pollution control, whereas nowadays they are perceived and pre-
sented as resource centres for water, nutrients and energy. This new perspective not
only provides the prospect of a circular and more sustainable handling of resources
but furthermore can immensely support the broader development of the wastewater
sector through additional revenue streams. Decentralised and integrated approaches
with nature-based technologies are particularly recognized as possible solutions for
achieving this reality with high or very high potential to contribute to Sustain-
able Development Goals (SDGs) 1, 2, 8, 9, 11, 12, 13, 14 and 15, in addition to
the main SDG6 (Larsen et al., 2013; Lüthi et al., 2011; Capodaglio, 2017; UN
WWAP, 2017; UN, 2018a; UN WWAP, 2018).

Other than wastewater management, only few sectors offer equivalent promise
for delivering a sustainable transition. However, in order to achieve this transition,
continuously evolving research on innovative and sustainable technologies for tar-
geted treatment at the niche level, innovative risk management approaches with
responsive policies in socio-technical regimes and a wider societal behaviour change
at the broader landscape level are required.

The context of this study evolved during the INNOQUA project. As a response
to current challenges the core objectives of this research project were the devel-
opment and demonstration of innovative decentralised nature-based technologies
that can provide a more sustainable solution for the development of the wastewater
sector and enable resource recycling.

Given the nature of innovation research, such project investigations can typically
be classified as niche level activities in sustainability transitions. This study uses a
nexus approach and multi-level perspective framework to assess drivers and barri-
ers for more sustainable development of the wastewater sector in terms of resource
recycling. The assessment is structured in two parts. Within the first, pressures and
drivers are analysed at landscape level. The second part assesses possible barriers
at the regime level and includes a policy review highlighting the need for adaptive
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regulations that support reuse, recycling and recovery of water, nutrients and energy
in the wastewater sector. The scope includes a comparative analysis of the 12 coun-
tries involved in the INNOQUA project and discusses the state of possible align-
ment with a further outlook towards a sustainability transition.

2.2 Methodology

The multi-level perspective (MLP) serves as a framework for analysis along the dif-
ferent levels identified in transition research, and their alignment. The assessment is
built upon three segments, where (a) a generic review of global trends serves to pro-
vide an overview with information on key observed benefits, drivers and barriers.
This review builds the foundation for subsequent analysis of (b) environmental
pressures and related drivers from the wastewater sector, at landscape level and helps
to (c) identify possible barriers in the form of inflexible policies at the regime level.
The results of the assessment inform discussion on the current status and potential
for alignment leading to more sustainable development in the wastewater sector.

a. Review of global trends and drivers

A review based on published literature, databases and reports of international
organizations such as the United Nations, World Bank, FAO (The Food and Agri-
culture Organization of the United Nations) and IPCC (The Intergovernmental
Panel on Climate Change) was carried out to assess global progress towards the
paradigm shift in the wastewater sector that was conceived by the United Nations
in their World Water Development Report in 2017. Particular attention was given
to the identification of (a) the contextual benefits of wastewater as a resource, (b) the
global agenda and recognized drivers and (c) the major reported barriers prevent-
ing these drivers being taken forward. This study focuses on pressures at the land-
scape scale and reviews regulations at the regime level relating to water recycling,
nutrient recycling or recovery and energy efficiency or recovery. The results of this
review serve as the basis for further assessment in this study. Figure 2.1 describes
the established format for this assessment, which was based on the principles of the
pressure-state-response concept (FAO, 1996).

b. Analysis of environmental pressures at landscape level

With related benefits identified in the fields of water, energy and the food/land
sector, the nexus approach serves as an assessment framework to provide an inte-
grated perspective for quantitative analysis of environmental pressures at land-
scape level in the different fields. Qualitative and quantitative data on these fields
were identified through reviews of published literature. A comparative analysis was



Methodology 19

Figure 2.1. Scope of analysis under pressure-response concept.

carried out on the state of identified pressures and their related drivers in various
countries. Indicators for quantitative analysis were selected based on their respec-
tive representation and data availability, and cover (a) diarrheal impact in the field
of public health, (b) access to basic and safely managed sanitation, (c) a water stress
index combined with sectoral water withdrawal and resource potential in wastew-
ater, (d) land degradation status and nutrient resources in wastewater and (e) a
climate risk index combined with energy resource potential in wastewater.

c. Analysis of possible barriers at regime level

The successful performance of wastewater treatment technologies was eval-
uated with reference to regulatory standards. These typically are based on risk
management approaches focused on discharges to the aquatic environment. One
of the major current barriers towards circular approaches and innovation in the
wastewater sector can be the lack of adaptive policy and regulations. The assessment
of possible barriers at the regime level follows a review of regulations in regard to
(a) progress in integrated (water) resources management, (b) existing regulations
for water recycling with respective ranges of pollution control measures for diverse
application areas, (c) existing regulations for nutrient recycling or recovery and (d)
existing regulations for energy recovery or greenhouse gas mitigation. Qualitative
and quantitative data on these aspects were identified through literature and policy
reviews.
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Subsequent results on the state of pressures, drivers and barriers in the different
countries are discussed and conclusions drawn with respect to their alignment and
overall potential to change.

2.3 Assessment

Within the following section a short overview of the MLP is presented along with
an assessment of global trends in the wastewater sector. Pressures and drivers are
analysed at a landscape level, and the state of adaptive policy at the regime level is
reviewed within the confines of the selected geographies.

2.3.1 The MLP on Sustainability Transitions

Ever since the publication of “limits to growth” by the Club of Rome in 1972,
research around sustainability has gained increased attention (Meadows et al.,
1972). However, while innovation has led to a wide range of technological advance-
ments, sustainable development in many sectors is still lagging and overexploitation
of resources continues. The lack and failure in understanding the parameters and
pathways relevant to initiation and shifting of a system towards a more sustainable
state has led to the rapidly developing research field of sustainability transition
studies.

Every sector can be conceptualized as a socio-technical system which (a) consists
of different actors, institutions, materials, artefacts and knowledge, and in which
(b) all elements interact and provide a system function to society (Geels, 2004;
Markard and Truffer, 2008). These different elements are closely interrelated and
with their co-dependencies incrementally influence the dynamic function of a sys-
tem (Finger et al., 2005; Markard, 2011). Transition of socio-technical systems
encompasses a set of processes that lead to changes along different dimensions, and
thus a more sustainable state in production and consumption patterns within the
system (Markard et al., 2012). The MLP provides a contextualized view and frame-
work for analysing the potential and paths for such systemic change (Geels, 2002;
Rip and Kemp, 1998; Smith and Stirling, 2010).

The MLP conflates the concepts of evolutionary economics, sociology of
innovation and institutional theory. The framework structures a system into three
levels, namely the niche, the socio-technical regime and the socio-technical land-
scape, and builds upon the core concept that transitions can only occur if interac-
tions between these levels are taking place and are aligned (Schot and Geels, 2008;
Geels, 2004).
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• Niches represent the micro-level, in which radical innovations develop in a
protected space. They can include social movements, research and develop-
ment of novel technologies or demonstration projects, and their predominant
character lies in their deviation from the current regime norms. Niches build
the fundament for transitions by providing elements that can support sys-
temic change.

• The socio-technical regime forms the broader system structure in which
system functions and activities are coordinated through cognitive routines,
beliefs or regulatory structures – which may typically be manifested through
the policies of governmental institutions. They shape elements such as sys-
tem infrastructure, which can lead to locked-in states that slow or prevent
transition.

• The socio-technical landscape represents the exogenous macro level, which
encompasses system functions in the broader environment with deep cultural
patterns, macro-economics, macro-political development or environmental
conditions. The illustration by Geels, 2011 shows the interactions between
these different levels (Fig. 2.2).

Within the MLP, the core notion is that transitions can only be enabled through
interactions and alignment of networks and processes at all three levels, where (a)
innovations at the niche level build up an internal momentum along with (b) pres-
sures on the regime formed through changes at the landscape level and (c) leading
to a destabilization of the socio-technical regime and finally the creation of windows
of opportunity for niche innovations to diffuse into the regime and form new and
more sustainable norms (Geels, 2011). The difficulties in initiating structural sys-
temic change are rooted in a range of lock-in mechanisms, be they shared beliefs or
discourses, institutional commitments and (global) power relationships, consumer
lifestyles or (commonly) heavy investment in infrastructure. The latter is often the
case with centralised wastewater treatment.

2.3.2 The Wastewater Sector and Global Trends Towards
the Paradigm Shift

The UN water development report on “Wastewater – The Untapped Resource” in
2017 calls for a paradigm shift in the wastewater sector and summarises benefits that
can be realized in the fields of water resources, energy and nutrients, combining the
core disciplines of the nexus approach. Apart from enabling more sustainable prac-
tices through resource recovery, this transformation would provide new possibilities
in revenue streams, which could help to address current financial constraints and
stimulate overall development of the wastewater sector (UN WWAP, 2017). Given
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Figure 2.2. Structuration in the MLP (Geels, 2011).

the ongoing public health concerns coupled with growing pressures on water, land
and energy resources, a global consensus can now be observed amongst interna-
tional organizations, action plans and guidelines for the shift towards more sustain-
able resource management. While wastewater plays a major role in all conceptual
models of the dynamic metabolism of closed (urban) cycles, the further formula-
tion of the SDGs by the UN forms perhaps the most common and followed vision
uniting global agendas and development frameworks under a broad variety of actors
and governments.

SDG 6 (Clean Water and Sanitation) encompasses seven closely interlinked
targets. Targets 2 and 3 focus directly on access to sanitation and safe reuse of
wastewater, while integrated water resource management is described as a pre-
requisite for the acceleration towards water security (UN, 2018a). Furthermore,
UN water development reports indicate that large-scale centralised treatment sys-
tems may no longer represent the most viable option. Decentralised systems have
relevant advantages with (in many cases) significantly decreased costs, while facil-
itating resource recycling (UN WWAP, 2017). In addition, nature-based solu-
tions are expected to play a central role in the achievement of the SDGs by 2030
(UN WWAP, 2018) and together with a wider polycentralised treatment strat-
egy are described as a requirement to effectively solve water problems and ensure
water safety (UNESCO WSSM, 2019). Various other SDGs encompass different
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aspects of resource efficiency, while the main driver behind SDG 6 is water scarcity,
rather than resource recovery. Similar trends can be observed for national agendas,
where limited water resources are described as a major driver for evolving wastew-
ater recycling strategies, while the potential of further beneficial resources plays
either no or only a minor role in such considerations (Schellenberg et al., 2020;
Alcalde-Sanz and Gawlik, 2017; US EPA, 2012; Hanseok et al., 2016; FAO, 2010;
UNESCO WSSM, 2019). Although wastewater reuse is not a new phenomenon
and has been practiced for over 5,000 years in some parts of the world, it still rep-
resents a comparatively new concept for institutionalization, regulations or in prac-
tice (Angelakis and Gikas, 2014; Alcalde-Sanz and Gawlik, 2017; Hanseok et al.,
2016).

Wastewater is associated with a wide range of hazards and thus requires a pro-
found understanding of risk and risk management, especially when considered for
reuse. Specific guidelines and regulations are of utmost importance to provide guid-
ance on safety measures and can act as drivers to enable windows of opportunity for
reuse. Conversely, the lack of specific regulations or overall prohibition can form an
indirect or direct barrier to reuse. The most common global guidelines have been
formulated by the WHO, US EPA, FAO or ISO – all of which bring together a wide
range of expertise in public health, environment, agriculture and technology (US
EPA, 2004, 2012; WHO, 2006; FAO, 1992; ISO 16075, 2015; ISO 23056, n.d.).
However, the recommended norms can differ widely – particularly when the WHO
and US EPA guidelines are compared. This is due to the different risk management
approaches adopted: a best available technology (BAT) and one barrier approach
or a multi-barrier approach that allows for alternative best practices where there are
economic limitations (US EPA, 2012; WHO, 2006; Krantzberg et al., 2010). The
range of reuse practices varies from potable to non-potable applications such as irri-
gation, industrial cooling, toilet flushing or car washing, reflecting the whole vari-
ety of common water uses (Tortajada and Ong, 2016; IMPEL, 2018). Despite the
growing variety in reuse applications, it is observed that guidelines and established
limits mostly focus on reuse scenarios in agriculture. It is also the case that standards
often comprise single sets of limits that do not distinguish between discharge and
the receiving environment or different reuse purposes (Jimenez and Asano, 2008;
Schellenberg et al., 2020).

With growing environmental pressures, research and social movements have
responded with innovative technologies and approaches – and also supported the
formulation of a global vision for sustainability agendas through development of
diverse sets of guidelines. Although there is an increasing trend in policy adap-
tation towards more circular approaches in the wastewater sector, and alignment
of the landscape and niche level can now be observed, the number of countries
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with successful wastewater recycling strategies (especially beyond water resources)
remains low (Alcalde-Sanz and Gawlik, 2017; Hanseok et al., 2016).

Barriers are reported to arise largely from three fields: the lack of appropriate risk
management approaches and adaptation of national regulatory measures; lack of
technological options and lack of societal acceptance (Salgot et al., 2018; Angelakis
and Gikas, 2014; Perraton et al., 2014; Bichai et al., 2018; Voulvoulis, 2018; Schel-
lenberg et al., 2020). However, as the range of innovative technologies expands, the
primary barrier may no longer lie with the availability of technologies but rather
with the willingness of politicians or planners to create an environment that enables
comprehensive reuse, recycling or recovery (Guest et al., 2009; Salgot et al., 2018;
Baumann, 1983; Wester et al., 2015).

Since there are major identified benefits of wastewater as a resource in the water,
food and energy sectors, our nexus perspective continues in the following assess-
ment of pressures and drivers at the landscape level.

2.3.3 Pressures and Drivers at the Landscape Level

Within this section, pressures and drivers have been analysed and are presented in
the context of the 12 INNOQUA partner countries. A range of indicators has been
examined, including data on access to sanitation, related public health impacts,
water resources, land resources, climate change and energy.

Access to Sanitation

Access to sanitation remains a big challenge worldwide. Many people still lack basic
sanitation services, while overall wastewater treatment coverage also remains low.
Data evaluated by the World Bank for the overall global state and the different
geographies are illustrated in Table 2.1.

In 2017, 73.4% of the population used at least basic sanitation. However,
the percentage of the population using safely managed sanitation services differed
widely between countries, and at a global level represented only 45%. The lowest
access amongst the analysed countries is observed in Tanzania and India with 30%
and 60%, respectively of the population using basic sanitation. While some coun-
tries in the Global South achieve a relatively higher basic coverage, safely managed
services lag behind, such as in the case of Ecuador with 88% against 42% respec-
tively. The coverage of safe services for the Global North is overall very high.

Financial limitations represent a major challenge for the establishment of
broader wastewater treatment coverage. In the World Water Development report in
2017 the UN describes that decentralised and nature-based treatment systems can
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Table 2.1. Access to sanitation services in 2017, Source: World Bank.

People Using at Least People Using Safely Managed
Basic Sanitation Services Sanitation Services

Countries (% of Population) (% of Population)

GLOBAL 73.4 45.0

Ecuador 88.0 42.0

France 98.7 88.4

Germany 99.2 97.2

India 59.5 no data

Ireland 91.2 82.4

Italy 98.8 96.2

Peru 74.3 42.8

Romania 84.3 76.5

Spain 99.9 96.6

Tanzania 29.9 25.4

Turkey 97.3 65.2

UK 99.1 97.8

represent more viable solutions under these circumstances, with multiple benefits
reported, including:

– investment costs estimated at only 20–50% of those compared to conven-
tional systems

– operation and maintenance costs estimated in the range of 5–25% compared
to conventional systems

– recycling enables resource provision and related potential revenue streams
– sewerage infrastructure can be reduced, which forms one of the major invest-

ments in centralised systems and further requires vast water resources to act
as a transport medium

Public Health and Environment

Given the lack of access to basic sanitation services and overall treatment of wastew-
ater, the impact on public health remains a significant burden. Diarrheal disease
incidence represents one of the most common indicators. Table 2.2 illustrates
disability adjusted life years (DALYs) attributable to diarrheal disease as well as
deaths for children below five years and all ages for analysed countries.
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Results show that a significant decrease of −34.4% and −20.8% in deaths
caused by diarrhoea among children and all ages can be observed on a global scale.
However, 1.3 million people (of which 500,000 are children) still die every year
because of diarrhoea, and DALYs amount to 72 million globally. Diarrhoea only
represents one of the many additional health burdens related to WASH (water, san-
itation and hygiene) and thus the overall impact caused by the lack of sanitation
will remain at significantly higher levels. It can be seen that more than a third of
total deaths attributable to diarrheal disease worldwide are observed in India, and
there are big disparities in mortality rates ranging from 0.4 to 84.2 (per 100,000)
for children in Spain and India and 0.3 up to 43.9 (per 100,000) in Romania and
Tanzania for persons of all age classes.

In 2019 a World Bank study developed a large database on water quality in
terms of BOD, nitrogen and electrical conductivity as major proxies defined by
SDG 6.3.2. (“Proportion of bodies of water with good ambient water quality”).
The map in Figure 2.3 presents the results of this study on a water quality risk
basis.

With wastewater being predominantly discharged to water bodies, most studies
focus on water contamination, and while an overall impact on both public health
and the environment is widely recognized, the magnitude of public health con-
sequences and impacts on the wider environment are difficult to assess. Barriers
to detailed understanding include the long-term financial commitments required to
develop appropriate datasets, together with the ever-increasing range of hazards to

Figure 2.3. Water quality risk in regard to biological oxygen demand, nitrogen and elec-
trical conductivity (Damania et al., 2019).
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be considered and the challenges associated with assessing these in complex envi-
ronments and over the long term (Alcalde-Sanz and Gawlik, 2017; Freeman et al.,
2020; Adeel et al., 2017; Sajid et al., 2015; Petrie et al., 2015).

Water Insecurity

While there is no global water shortage in overall terms, spatial and temporal
deviations combined with changing environmental conditions confront individ-
ual countries with accelerating water stress. According to recent studies by the
World Resources Institute (WRI), this growing scarcity is described as one of the
greatest challenges and crises in current times, which is not adequately addressed.
New hydrological models reveal that global water withdrawals have doubled since
1960 and are growing at more than twice the rate of population, putting even
locations which are usually characterised as water abundant at risk (UN Water,
n.d; WRI, 2013). While physical scarcity historically existed in different regions
due to climatic conditions, the rising imbalance in supply and demand is exacer-
bated by climate change as well as growing and dynamic population with increased
water consumption patterns. These pressures are resulting from and often cou-
pled with inefficient water consumption, rising distribution and resource-allocation
difficulties in large agglomeration centres, and failures to ensure equitable and
affordable access throughout the year. Burek et al. (2014) analysed the impact
across different sectors and verified the need for an integrated approach and
management. Given the increase in socio-economic growth and changing water
use patterns, as well as the consequent increase in wastewater production and use
in fertiliser for improved agricultural productivity, the continuous deterioration
of valuable water resources and dependent ecosystems is expected to drastically
intensify.

WRI data further indicate that 51% of the population, accounting for 3.6
billion persons, is potentially experiencing severe water scarcity for at least one
month annually. This will increase up to 5.7 billion in 2050 and 73% of the affected
population will be located in Asia. As illustrated in Fig. 2.4, WRI projections indi-
cate that 33 countries will face high water stress in 2040. Water scarcity levels at a
global scale and for specific water stress categories in the scope of given geographies
are shown in Table 2.3.

The analysis shows that by 2050 Peru, Spain and the UK may be severely affected
by water scarcity, with half (or more) of their populations living in areas with
limited water resources. While for most of the assessed countries an increase in
the percentage of the affected population can be observed, data for Turkey and
Tanzania indicate a decrease or no impact as in the case of Ireland. The reasons for
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Figure 2.4. Global map on water stress by country (WRI, 2015).

projected downward pressures are likely to indicate positive interactions between
population, distribution infrastructure and local climate change impacts. Despite
some positive indications, overall results for the assessed geographies indicate that
the population living in water stress and scarcity will increase from 578 million to
935 million by 2030.

When analysing overall water withdrawals, agriculture accounts for the high-
est water consumption worldwide with 70% of all water withdrawals, followed by
industrial demands of 19% and municipal and domestic demands of 11%, respec-
tively (WRI, 2018). Water withdrawals and irrigation requirements for agriculture
in the different countries are shown in Table 2.4.

The overall municipal water withdrawal for all analysed countries amounts
to 269 million m3 daily. Sectoral withdrawal shows high deviations amongst
the countries such as for municipal withdrawals accounting for 7% and 74%,
respectively for India and the UK while agricultural withdrawals account for
1.2% in Germany and up to 90.4% in India. Similar variations can be observed
for industrial withdrawals, which account for 0.5% in Tanzania and 80.8% in
Germany (where ∼90% are reported to be used for cooling processes (Statista,
2020)). The big differences in withdrawal are a result of various developmental
factors.

In the Global North the sectoral shift to industrial activities in the economy
is prevalent, while economies in the Global South are more commonly driven
by an extensive agricultural sector. Furthermore, the agricultural sector in the
Global North is generally rain fed and seasonal (World Bank, 2020). While warmer



30 Drivers and Barriers Towards a Sustainability Transition

Ta
b

le
2

.3
.

P
o

p
u

la
ti

o
n

liv
in

g
in

w
a
te

r
sc

a
rc

e
a
re

a
s

in
IN

N
O

Q
U

A
c
o

u
n

tr
ie

s.
S
o
u
rc
e
:
W

o
rl

d
D

a
ta

L
a
b

,
n

.d
..

%
of

Pe
op

le
Li

vi
ng

in
W

at
er

St
re

ss
W

at
er

Sc
ar

ci
ty

A
bs

ol
ut

e
Sc

ar
ci

ty
W

at
er

Sc
ar

ce
A

re
as

(1
,0

00
–1

,7
00

m
3 /

ca
pi

ta
)

(5
00

–1
,0

00
m

3 /
ca

pi
ta

)
(<

50
0

m
3 /

ca
pi

ta
)

C
ou

nt
ri

es
20

00
20

20
20

30
20

00
20

30
20

00
20

30
20

00
20

30

E
cu

ad
or

8
22

22
35

4,
45

8
1,

40
1,

32
4

1,
06

5,
56

9
34

8,
28

9
3,

35
5

3,
72

8,
88

7

Fr
an

ce
6

8
8

1,
43

7,
13

7
13

,3
00

,4
98

2,
67

2,
11

7
3,

81
0,

24
0

96
8,

80
4

2,
11

2,
53

5

G
er

m
an

y
14

16
17

10
,2

63
,2

23
11

,4
63

,6
08

9,
46

1,
47

8
11

,4
13

,4
77

2,
58

6,
48

6
2,

38
1,

66
0

In
di

a
30

33
34

98
,6

89
,1

16
16

8,
91

4,
34

6
16

5,
85

7,
05

8
23

2,
24

1,
95

5
15

8,
21

1,
55

6
29

8,
09

5,
74

2

Ir
el

an
d

0
0

0
1,

71
1,

67
2

1,
92

7,
27

6
0

0
0

0

It
al

y
20

19
19

3,
67

8,
06

9
10

,4
95

,7
83

4,
43

9,
60

9
1,

51
9,

07
3

6,
84

7,
14

1
9,

77
0,

28
4

Pe
ru

45
57

58
29

1,
83

1
73

,3
06

1,
50

8,
22

5
3,

51
8,

39
9

10
,3

92
,1

69
15

,8
09

,0
57

R
om

an
ia

8
8

9
91

0,
59

5
24

8,
67

8
1,

79
0,

25
1

1,
21

2,
93

5
0

47
2,

75
9

Sp
ai

n
41

48
49

3,
89

8,
49

8
6,

61
2,

49
0

8,
53

1,
46

3
5,

09
1,

19
0

8,
10

9,
38

9
20

,0
07

,8
62

Ta
nz

an
ia

30
13

16
1,

63
8,

06
7

12
,1

84
,6

24
1,

17
5,

26
2

6,
93

5,
26

2
9,

12
3,

18
0

4,
44

1,
39

1

Tu
rk

ey
35

27
30

5,
01

9,
31

8
14

,1
27

,3
26

10
,3

49
,4

55
7,

36
1,

01
6

12
,0

62
,4

13
19

,6
81

,1
46

U
K

39
46

50
12

,2
70

,1
94

9,
36

7,
75

2
12

,1
55

,7
49

18
,2

47
,0

47
10

,8
78

,4
77

16
,6

93
,5

23



Assessment 31

Table 2.4. Water withdrawal per sector 2013–2017, data by FAO Aquastat and WRI,

2018. Data for Tanzania cover the period 2000–2005.

Agriculture Industry Municipal/Domestic Total Irrigation

(10∧9 (10∧9 (10∧9 (10∧9 (10∧9

Countries m3/yr) % m3/yr) % m3/yr) % m3/yr) m3/yr)

WORLD 70.0 19.0 11.0

Ecuador 8.08 81.4 0.55 5.50 1.29 13.0 9.92 8.08

France 3.11 11.8 18.2 68.6 5.18 19.6 26.4 2.59

Germany 0.30 1.20 19.8 80.8 4.39 18.0 24.4 0.18

India 688 90.4 17.0 2.20 56.0 7.40 761 –

Ireland 0.18 20.8 0.05 5.92 0.63 73.3 0.86 0.003

Italy 17.0 49.7 7.70 22.5 9.49 27.8 34.2 16.0

Peru 13.1 81.4 0.21 1.30 2.80 17.4 16.1 –

Romania 1.49 22.0 4.23 62.5 1.05 15.5 6.77 0.44

Spain 20.4 65.2 5.97 19.1 4.89 15.7 31.2 18.6

Turkey 50.1 84.9 2.90 4.92 6.01 10.2 59.0 42.2

Tanzania 4.63 89.4 0.03 0.50 0.53 10.2 5.18 –

UK 1.18 14.1 1.01 12.0 6.20 74.0 8.42 0.08

Total 808 77.5 98.5 983

conditions support agricultural activities throughout the year, the generally more
complex precipitation patterns and dependence on irrigation paints an emerging
crisis for these regions.

Mekonnen and Hoekstra (2011) report that in total 2,320 Gm3 of virtual water
are exported annually, with the largest share of 76% accounted for by international
trade in crops and crop products. In Fig. 2.5 countries with negative water balances
are represented in green, while positive water balances through import in red can be
found in Europe, Mexico, Japan and North Africa. India represents the third biggest
virtual water exporter with 125 Gm3/year, despite being the country with one of
the highest water scarcities. The increasing flows of resources and resulting conflicts
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Figure 2.5. Global virtual water flows (Mekonnen and Hoekstra, 2011; Hoekstra and
Mekonnen, 2012).

amongst (water) users, especially in the context of widespread poverty and access
to water or food, are now driving debates for integrated management strategies at
a global scale.

Land Degradation and Food Security

The growing globalization and ever-increasing trend in emigration to agglomer-
ation centres are accelerating the spatial disconnection of production and con-
sumption systems and thus a disruption of sustainable natural processes and closed
resource cycles. The constant export of nutrients from land, if not replenished, rep-
resents a serious imbalance in soil stocks with far-reaching impacts on productivity
or nutritional quality of food crops. In addition, valuable resources accumulated
in wastewater are disposed to water bodies, where they pose a threat to the aquatic
environment.

Tan et al. (2005) reported soil nutrient deficits on a global scale at an average rate
of 18.7 N, 5.1 P and 38.8 K kg/ha/year with an annual total deficit of nutrients of
5.5 Tg N, 2.3 Tg P and 12.2 Tg K. The study further indicated a total potential
production loss of 1,136 Tg annually (one teragram [Tg]= one megatonne [Mt]).
In order to sustain intensive production and yields, fertilization in agricultural sys-
tems is usually focused on macronutrients such as N, P and K. Given the excessive
use of chemical fertilisers and associated nutrient leaching, nitrate nowadays forms
the most common chemical contaminant in groundwater resources. Despite initial
peaks in agricultural production following the Green Revolution, yield responses
in India have since declined from 13.4 kg grain/kg nutrient to 3.7 kg grain/kg
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nutrient in 2005 (Sarma and Sharma, 2010). Jones et al. (2013) further report that
the extent of these impacts has been seriously underestimated and that long-term
nutrient-stripping, particularly of micronutrients such as zinc, copper or selenium
from locations with highly matured soils is associated with decreased food quality –
leading to increased concerns in terms of public health (FAO, 2017; UN WWAP,
2013).

The UN Convention to Combat Desertification (UNCCD) reviewed land
degradation profiles in 21 countries in 2018. Their report states that the global
economy is predicted to lose 23 trillion USD by the year 2050 as a result of land
degradation. It is further concluded that the costs for taking immediate action to
prevent and reverse degradation amount to 4.6 trillion USD and thus only a frac-
tion of the predicted losses (UNCCD, 2018). It is highlighted that Asia and Africa
will be impacted by the highest costs of 65 billion USD annually. While the overall
global loss amounts to 9% of GDP, in Africa total losses may be as high as 40% of
GDP. Globally, small family farming enterprises represent 80% of all farms. With
1.5 billion people dependent on land that is subject to continuous degradation pres-
sures, extreme poverty continues to accelerate (UNESCO WWAP, 2019). The sta-
tus of land degradation in analysed countries along with its causes is illustrated in
Table 2.5.

These data show that apart from Ireland, where none to slight degradation
is reported, all other countries are affected by land degradation to some degree.
In total 80% of the land area in these countries is degraded to some extent, with
46% severely or very severely degraded. Deforestation and agriculture represent the
main causes, with water erosion and chemical deterioration as major degradation
types.

Most parts of the world experience land degradation, and various studies report
nutrient stripping of soil. The combined pressures again point to wastewater as a
potentially viable resource. Estimated ranges for macro and micronutrients present
in urine and faeces are indicated in Tables 2.6 and 2.7.

These estimates show that on a daily basis globally between 74 kt and 119 kt of
nitrogen, 5 kt and 34 kt of phosphorus, 8.9 kt and 39 kt of potassium, 1–29 kt of
calcium, 1.7–3.5 kt of magnesium and 1–1.5 kt of sulphur are produced in urine
and faeces.

These global estimates show that daily production of micronutrients in faeces
amounts to 683 t for Cl, between 223 t and 7,594 t for Fe, 182 t and 683 t for Mn,
15 t and 30 t for Mo, 7.7 t and 15.9 t for Cu, 38 t and 101 t for Zn and from 0.6
t to 2.2 t for Ni.
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Figure 2.6. Map of climate risk index in different countries (Germanwatch, 2019).

Climate Change and Energy

The IPCC forecast that climate change will have far-reaching implications on the
availability of renewable surface and groundwater resources – with knock-on effects
on global food security systems that will increasingly push the most vulnerable
regions and marginalized populations into even deeper poverty (IPCC, 2014). Ger-
manwatch annually publishes a climate risk index based on fatalities and economic
losses in countries due to extreme weather events (Figure 2.6 and Table 2.8).

The assessment of climate risks in 2020 shows that Germany and India are
among the most affected countries worldwide, respectively ranking 3 and 5 out
of 181 in total. While the annual assessments show high deviations such as in the
case of Peru (ranked 5 in 2019 and 110 in 2020), the risk assessment over a 20-
year period provides a more stable evaluation of impacts – India, France, Germany,
Italy and Spain remain high-risk countries. The comparatively high values for fatal-
ities in countries of the Global North are explained largely by a rise in heat wave
events. Losses attributable to climate change in all analysed countries amount to
USD 23,794 million PPP (Purchasing Power Parity) on annual average.

Technological innovations and green growth solutions can have an important
impact on climate change and associated pressures such as water availability and
pollution control. In the wastewater sector these can include decentralised sew-
erage and nature-based treatment systems (NBS). NBS are generally designed
with lower operation and maintenance (O&M) requirements when compared
with conventional solutions, and when coupled with decentralised approaches can
minimize associated infrastructure and transport requirements. Aside from energy
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Table 2.9. Estimates for potential energy yields from human faeces (iteration based on

population data from World Bank, 2018).

Calorific Valueb kWh/day

Countries Biomethane Productiona m3/day Min Max

World 64,131,330 359,135,448 461,745,576

Ecuador 144,277 807,953 1,038,797

France 565,622 3,167,481 4,072,476

Germany 700,139 3,920,780 5,041,003

India 11,422,853 63,967,979 82,244,544

Ireland 41,104 230,185 295,952

Italy 510,262 2,857,466 3,673,885

Peru 270,149 1,512,836 1,945,075

Romania 164,392 920,593 1,183,619

Spain 395,197 2,213,102 2,845,417

Tanzania 475,608 2,663,407 3,424,381

Turkey 695,190 3,893,064 5,005,368

UK 561,258 3,143,043 4,041,055

INNOQUA, Total 15,946,052 89,297,889 114,811,572

aOn basis of 8,445 L/cap and day, in Taseli and Kilkis, 2016.
bOn basis of 20–26 MJ/m3 or 5.6–7.2 kWh/m3; in Frost and Gilkinson, 2011, as reported in Andriani et al.,
2015.

savings (which represent short-term gains), sanitation systems can play a crucial
role in achieving long-term greenhouse gas benefits through closed loop systems
that both prevent or/and capture greenhouse gas emissions to convert resources
into renewable energy (UNESCO WSSM, 2019). Estimates for biomethane yields
from human faeces are provided in Table 2.9.

The assessment shows that daily cumulative energy resources of 15.9 Mm3 in
the form of biomethane could be generated from faeces in the assessed countries,
which translates to 89,298 MWh/day. Other studies and calculations based on the
median energy content per kg of COD for wastewater suggest theoretical energy
yields as high as 562 TWh/year; this equates to 50 million tonnes of oil equivalent
(MTOE) or 100 × 106 t CO2 – which represents 1% of global CO2 equivalent
emissions (Capodaglio and Olsson, 2019). While this indicates the potential value
of resources in wastewater it also indicates the immensely damaging impacts those
resources can have if not captured. For example, septic tanks can act as greenhouse
gas (GHG) point sources, and may be responsible for emissions as high as 27.1g
CH4 per capita and day (Diaz-Valbuena et al., 2011). Campos et al. further report
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in (2016) that methane emissions in several wastewater treatment processes can
exceed the amount of CO2 avoided through the utilization of produced biogas and
conclude that further development of alternative processes is needed.

2.3.4 INNOQUA as Responsive Action at Niche Level

INNOQUA was a research project and represented an investigation of novel niche
technologies. Within a broad demonstration programme in 11 of the 12 partner
countries, different system configurations of decentralised nature-based technolo-
gies were analysed under real environmental conditions for extended periods (up
to two years) to identify wastewater treatment solutions for different geographi-
cal conditions and applications. The project investigations aimed to address public
health and environmental pressures by:

(a) providing affordable sanitation for all, which is socially accepted and
requires low expenditure on operations and maintenance (O&M) and

(b) bringing forward nature-based and more sustainable solutions with lower
resource footprints.

Nature-based solutions do not require additional chemical inputs for treatment,
are normally designed with low or no direct energy inputs, and usually incorporate
recycling of treated water resources (and nutrients). INNOQUA investigated three
different nature-based solutions:

1. Lumbrifilter – which harnesses the capacities of earthworms and micro-
organisms to deliver primary and secondary treatment;

2. Daphniafilter – which harnesses the capacities of small crustaceans, micro-
organisms and aquatic plants to deliver tertiary treatment; and

3. Bio-solar purification – which harnesses the capacities of micro-algae and
bacteria to deliver tertiary treatment and partial disinfection through solar
irradiation.

To meet the requirements for wastewater reuse in irrigation of edible crops,
INNOQUA also investigated the potential for UV disinfection of wastewater
treated first by the Lumbrifilter and/or Daphniafilter.

2.3.5 Assessing Possible Barriers at Socio-Technical Regime
Level

As described in the assessment of global trends, one major reported barrier to sus-
tainability transition and circular approaches in the wastewater sector is the lack of
adaptive risk management approaches and regulations. Here, the state of adapted
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policies in analysed geographies is reviewed in regard to (a) progress on integrated
water resources management and (b) regulatory measures supportive of overall inte-
grated resources management in terms of recycling, reuse and recovery of water,
nutrient and energy resources.

Integrated Water Resources Management

As described in the Agenda of the United Nations, integrated water resources man-
agement is a pre-requisite for the overall achievement of SDG 6. Table 2.10 presents
the state of Integrated Water Resources Management (IWRM) implementation in
the different countries under an overall IWRM score. This score is derived from
four disciplines, based on the (a) enabling environment, (b) institutions and par-
ticipation, (c) management instruments and (d) financing.

As presented in the assessment by the UN, progress towards integrated manage-
ment can be observed in all studied locations to varying degrees, apart from India,
where data were not available. The strongest achievements can be seen in France
with a maximum score of 100 throughout all categories. Lower performances can be
observed in the case of Peru and Ecuador, with overall scores of 30 and 42 and major
difficulties in the financing field – a situation valid in many countries. In India
the National Water Policy of 2012 promulgates the implementation of IWRM.
In 2019 the Ministries for Water Resources, River Development & Ganga Rejuve-
nation and Ministry of Drinking Water and Sanitation were merged to form the
new Ministry of Jal Shakti. The new ministry has subsequently mounted a national
water mission to strengthen integrated water resource management (MoWR, 2012;
MoJS, 2020).

Table 2.10. Progress on Integrated Water Resources Management (IWRM) (UN, 2018b;

Ministry of Jal Shakti, 2020).

IWRM Enabling Institutions and Management
Countries Scores Environment Participation Instruments Financing

Ecuador 42 38 44 51 34

France 100 100 100 100 100

Germany 88 96 89 83 84

India No submission, newly formed Ministry of Jal Shakti in 2019 envisions
national water mission through IWRM

Ireland 81 80 84 82 76

Italy 55 60 61 51 46

Peru 30 34 26 34 24

Romania 72 96 65 84 44

(Continued)
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Table 2.10. Continued

IWRM Enabling Institutions and Management
Countries Scores Environment Participation Instruments Financing

Spain 82 93 81 90 66

Tanzania 50 57 55 40 50

Turkey 70 75 75 70 58

UK 77 83 82 76 66

Regulatory Measures Towards an Integrated Resource Management

for Wastewater

Within the paradigm shift, wastewater is mainly considered as a resource hub for
water, nutrients and energy. Given the increasing pressures due to water scarcity,
land degradation, climate change and energy demand, an assessment has been
undertaken to analyse the regime response and state of policy adaptation towards a
circular approach in the wastewater sector. Table 2.11 gives an overview of existing
regulations in the fields of (a) circular water management and permitted applica-
tions for treated wastewater, (b) nutrient recycling or recovery and (c) GHG miti-
gation or energy recovery from wastewater.

a. Regulations on Circular Water Management

Wastewater reuse regulations are available in around half the assessed coun-
tries, while being under development in Turkey and lacking in Germany, Ireland,
Tanzania, India and the UK. In response to increasing water stress among Mem-
ber States, the European Union recognized that limited awareness and the lack of
a supportive and coherent regulatory framework were two major barriers to water
reuse. As a response, the European Commission released guidelines for wastewa-
ter reuse in 2019 (European Commission, 2019). These harmonize the minimum
requirements for irrigation in agriculture across the EU and particularly aim to pro-
mote reuse in Member States with rife water scarcity. Germany and Ireland have
carried out assessments of the potential and requirement for wastewater reuse, and
observed water scarcity in some regions (Umweltbundesamt, 2019; EPA, 2016a).
However, given the low pressures on available water resources and constraints from
emerging pollutants, water reuse does not play a significant role in these countries.
In Tanzania wastewater reuse is reported as practiced but regulations are lacking,
and the status of any related developments remains unclear (Kihila et al., 2015). A
wide number of reuse applications are permitted in Italy and Spain, ranging from
irrigation to aquifer recharge, street cleaning and industrial applications.

While most countries have developed explicit reuse standards, in Ecuador the
regulations instead relate to water quality criteria within receiving environments.
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Given increases in indirect wastewater reuse, the shift in risk approach from stan-
dards at the point of use versus standards at the point of discharge is gaining
increased attention. Despite having previously established quality criteria for a
range of reuse applications, a regression can be observed in India (Schellenberg
et al., 2020). Recognizing the pressure of water scarcity, reuse of wastewater in India
is explicitly targeted and envisioned in the new set of standards released in 2019.
However, these discard the previous approach in which standards varied according
to the receiving environment and included a dedicated set of standards for dis-
charges on land. The current pollution measures focus instead on standards for
discharge to receiving water bodies. It should be noted that, while water reuse
standards support this practice in many countries – it is only rendered compul-
sory in a number of locations. For example, in some regions of the US, China and
India wastewater reuse is mandated through Zero-Liquid-Discharge orders (Tong
and Elimelech, 2016). Currently these orders apply mostly to industries, with one
exception observed in the case of Bengaluru – which targets the municipal sector
and commercial buildings (Evans et al., 2009).

Table 2.11. Overview on regulations for reuse, recycling and recovery of water, nutrients

and energy in the wastewater sector.

Application Areas Nutrient Energy
Wastewater Considered in Reuse/Recovery Recovery

Countries Reuse Regulationa Regulationa Regulationsb Regulationc

Ecuador Registro Oficial,
No. 097-A

3 diverse sets for
irrigation in
agriculture

– –

France JORF num. 0153,
4 July 2014; EU
regulation

8 diverse sets for
irrigation in
agriculture and
green areas

EC Sewage Sludge
Directive; ∼80%
of sewage sludge
used in
agriculture.

–

Germany NA on country
level, EU
regulation

– EC Sewage Sludge
Directive; Sewage
Sludge Ordnance
mandates P
recovery

Indirect
measures

India Diversified set
NA; enforcement
on reuse in some
states

Reuse promoted
in new fixed set of
discharge
standards. No
variance according
to reuse

Partially covered
by NFSSM Policy,
2017 and Solid
Waste
Management
Rules, 2016

–

(Continued)
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Table 2.11. Continued

Application Areas Nutrient Energy
Wastewater Considered in Reuse/Recovery Recovery

Countries Reuse Regulationa Regulationa Regulationsb Regulationc

Ireland NA on country
level; EU
regulation

– EC Sewage Sludge
Directive; Code of
Practice for
Biosolids; ∼80%
of sewage sludge
used in
agriculture.

–

Italy DM 185/2003,
EU regulation

Sixteen, including
various irrigation,
urban, municipal
and industrial uses

EC Sewage Sludge
Directive; D. Lgs.
99/92 on sludge
reuse; D. Lgs.
75/2010 on
fertiliser; ∼35%
of sewage sludge
used in agriculture

–

Peru LMP by Ministry
of Environment

Range unclear,
include discharge
and
environmental
quality standards.
Possibility for
Adaptation Plan
for Environmental
Management, in
the case of
non-compliance
with established
standards.

– –

Romania NA on country
level; EU
regulation

– EC Sewage Sludge
Directive; ∼10%
of sewage sludge
used in
agriculture;
∼25% used in
other sectors, and
the rest landfilled

–

(Continued)
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Table 2.11. Continued

Application Areas Nutrient Energy
Wastewater Considered in Reuse/Recovery Recovery

Countries Reuse Regulationa Regulationa Regulationsb Regulationc

Spain RD 1620/2007;
EU regulation

Twenty-one,
including various
irrigation, urban,
municipal,
industrial and
environmental
uses

EC Sewage Sludge
Directive; ∼70%
of sewage sludge
used in
agriculture.

–

Tanzania – – – –

Turkey Under
development

– Soil Pollution
Control
Regulation

–

UK – – EC Sewage Sludge
Directive, Sludge
Regulations 1989
No. 1263; ∼98%
of sewage sludge
used in agriculture

Indirect
measures

World WHO, US EPA,
FAO, ISO, EU,
etc.

– ISO/DIS19698
under
development

–

aIMPEL, 2018; Ministrio del Ambiente, 2015; Schellenberg et al., 2020; Ministerio de Vivienda, Construcción
y Saneamiento, 2010; Ungureanu, 2018; Kihila et al., 2015; Nas et al., 2020; GWI, 2014; WHO, 2006; US
EPA, 2012; FAO, 1992; ISO 23056, n.d.
bHermann and Hermann, 2019; Hudcová et al., 2019; Collivignarelli et al., 2019; EUROSTAT, 2020; EPA,
2016a,b; UN Habitat, 2008; EC, 1986; BMJ, 2007; EC, 1999, 2003, 2008, 2018, 2019, 2020; ISO 16075,
2015; MoEFC, 2016; MoUD, 2017; UK Government, 1989.
cEC, 2001, 2009; BMU, 2017; UK Government, 2013; Defra, 2011.

b. Regulations on Nutrient Recycling and Recovery

Three major options are available to achieve closed-loop approaches for nutri-
ents. These are (a) the reuse of treated nutrient-rich water, (b) reuse of nutrient
concentrated biomass (sludge/biosolids or plant biomass such as algae) or (c) direct
recovery of nutrients from wastewater media through physiochemical separation.
Direct enforcement mechanisms exist only in the case of Switzerland and Germany,
where treatment plants are mandated for retrofitting in order to recover phospho-
rus resources (Shaddel et al., 2019). Elsewhere, a range of regulatory approaches is
evident.
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The reuse of nutrient-rich water strongly depends on the application in an envi-
ronment where both water and nutrients are required. This should be supported
by regulations covering both the irrigation and fertiliser value of the substrate.
While some regions enable reuse for various applications, the characteristics of pol-
lution control measures and their related limits can differ significantly. For exam-
ple, in the case of irrigation water quality in Spain or France it can be observed
that standards cover a small set of parameters including pathogens, turbidity, and
suspended solids. In contrast, standards in Italy cover a broader range of param-
eters and include limits for BOD, COD, total phosphorus and total nitrogen.
The new fixed set of standards in India requires the elimination of nutrients for
all wastewater discharges, and in so-doing represents an active barrier to nutrient
recycling.

Reuse regulations for sludge apply in most European countries where around 4
million tonnes out of 8 million tonnes (dry solids) of wastewater treatment sludges
are re-used in agriculture (EC, 2020). The general regulatory approach evolved
to cope with increasing quantities of sludge produced in conventional wastewater
treatment plants. This led to the formulation of the Sewage Sludge Directive in
1986, which encouraged the reuse of sludges in agriculture and set out the frame-
work within which this could be achieved. Following the explicit encouragement
of reuse in the Urban Wastewater Treatment Directive in 1991, and subsequent
limitations for landfilling under EC 1999/31, sludge recycling to land was further
consolidated. However, the management of sewage sludge can still vary significantly
between the Member States based on local economic, social, or technical contexts –
as well as widely differing national regulations with limits set significantly below
EC norms (Inglezakis et al., 2014). As in the case of Ireland approximately 80%
of produced sewage sludge was applied to agricultural land in 2016, in compar-
ison to around 30% in Germany for the same year (Collivignarelli et al., 2019;
EUROSTAT, 2020). Collivignarelli et al. report further shifts in countries such as
Germany, where quantities of sludge applied to agricultural land have consistently
decreased, and under the new sewage sludge ordinance of 2017 the practice is pro-
hibited for sludges derived from wastewater treatment plants treating Population
Equivalents (PE) > 50,000.

The European Union follows a strong circular approach, manifested through
the Waste Framework Directive in 2008 and subsequently the Circular Economy
Action Plan (in 2015). However, while sewage sludge as such is excluded from the
directive and is also excluded from new EU fertiliser regulations, derivatives such
as struvite and phosphorus recovered from incinerated sewage sludge are permitted
under these latest regulations (EC, 2003, 2008, 2018, 2019; Huygens et al., 2019).
The 2017 German ordinance mandates progressive phosphorus recovery at larger
sewage treatment plants (BMJV, 2017; BMU, 2017).
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Outside Europe the assessment shows that only Turkey provides a regulation for
sewage sludge for land application, which is managed under the Turkish Soil Pol-
lution Control Regulation, whereas technical requirements for compost are stated
in the Turkish Solid Waste Control Regulation (UN Habitat, 2008). In India the
first steps towards the regulation of faecal sludge have been recently formulated in
the National FSSM Policy of 2017 and Solid Waste Management Rules of 2016,
which envision a waste hierarchy under a circular approach, representing a move
towards nutrient recycling – although concrete standards are yet to be developed.
In contrast to Europe, the policy envisions a management strategy for untreated or
processed media whereby the former will be landfilled, while the latter will be com-
posted (MoUD, 2017; MoEFC, 2016). In the case of Ecuador, Peru, and Tanzania
regulations for the management of septage, sewage sludge and nutrient recovery are
lacking.

c. Climate Change and Energy Recovery

The assessment shows that as of now there are no direct mechanisms or regu-
lations mandating energy recovery or GHG mitigation from wastewater processes.
However, first signs for an adaptation and a possible transition are observed in the
case of Europe. The Directives on the promotion of renewable energy in 2003
and 2009 in conjunction with the Directive on energy efficiency in 2012 stipu-
late targets of 20% share of energy from renewable sources and 20% savings in
primary energy consumption in Member States (EC, 2001, 2009). Herein, biogas
from wastewater treatment was included as a possible source of renewable energy
and resultantly formed a path for further development. Several treatment plants in
Europe achieve near or even complete energy self-sufficiency, and there are further
aspirations to transform the wastewater sector from one of the highest energy con-
sumers of the municipal sector into a fundamental pillar of the energy revolution
(Gandiglio et al., 2017; IEA, 2018; Powerstep, 2018). In Germany, for example,
the national wastewater directive requires treatment plants under Section 3 (2a) to
be installed and operated in a way which enables energy efficient operation. In the
UK on the other hand the Renewables Order placed an obligation on electricity
utilities to source an increasing percentage of their supply from renewable gener-
ators. Water utilities took advantage of the premium that this scheme created in
the electricity market to invest in anaerobic digestion of their sewage sludges, with
combustion of the biogas in combined heat and power (CHP) units to generate
renewable electricity (Environment Agency, 2009). In both cases, while there is no
direct mandate for the recovery of energy in the wastewater treatment sector, these
indirect measures have led to the adaptation of sewage treatment plants (STPs) in
Germany and the UK. IEA reports that in Germany 3,050 GWh/year have been
produced from biogas in STPs. This represents the highest generation globally and
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biggest progress when compared to South Korea as second highest producer with
969 GWh/year (IEA Bioenergy, 2015). For context, sectoral energy consumption
is reported at around 4,400 GWh/year in Germany indicating a possible near-term
achievement in energy neutrality for the wastewater sector (Umweltbundesamt,
2009).

While the wastewater sector in Germany is estimated to consume the equivalent
of the annual production from two power stations, the chemical energy potential
in wastewater is estimated to be in the range of 12 large power stations (Powerstep,
2018). Unlocking this innate potential remains the focus of intense research activity,
with EU research projects such as Powerstep, investigating innovations for energy-
positive wastewater treatment at full scale. Apart from (off-site) GHG emissions
arising from electrical consumption, it is reported that in 2010, methane emis-
sions from the wastewater sector accounted for more than 500 Mt CO2 equivalent
and nitrous oxide emissions for 80 Mt of CO2 equivalent (Tanmay Ram Kate and
Sridevi, 2019). As a result, the sector represents one of the top five biggest sources
of anthropogenic greenhouse gas emissions. Energy efficiency regulations target the
optimization of processes and mainly orient towards reduced energy consumption.
Regulations for direct GHG emission mitigation in wastewater treatment processes
do not exist, although ambitious voluntary targets are in place, as with (for exam-
ple) the UK water industry’s target for net zero greenhouse gas emissions by 2030
(Water UK, 2020).

2.4 Discussion and the Way Forward

Integrated resources management, decentralised and nature-based wastewater treat-
ment under circular approaches are considered as key elements in the achievement
of SDG6 and the paradigm shift towards a sustainability transition in the wastew-
ater sector. It is common for sectoral resource management approaches to consider
just one aspect of a complex system in isolation and by this omit intricate inter-
actions with other elements. Managed under anthropogenically-induced system
structures, these sectoral approaches have been shown to incrementally fail when a
holistic understanding of resource inventories and the complex dynamics of natu-
ral systems are considered. Furthermore, they can lead to conflicts through opaque
handling among diverse sets of divided actors attempting to implement incoherent
and fragmented regulatory frameworks to an essential resource such as water. Inte-
grated resources management focuses on the system as a whole and through this
can enable inclusive collaboration and management.

The paradigm shift towards a more sustainable development of the wastewater
sector recognizes major benefits through recycling or recovery of resources derived
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from wastewater in the shape of water, nutrients and energy. While enabling more
sustainable handling of resources, this approach also has the potential to open addi-
tional revenue streams and through this drive broader development and access to
sanitation. This study shows that pressures for change can be observed and are
increasing in all sectors. These range from lack of wastewater treatment with related
contamination of the environment and public health impacts, to growing water
scarcity, progressing to land degradation and food insecurity – which are all further
exacerbated by ongoing climate change and rising demand for energy resources.

Water Scarcity and Water Reuse Regulation

Water scarcity is increasing in almost all countries. Overall, decreasing water avail-
ability forms a major driver and path behind the observed alignment between land-
scape and regime levels albeit that several of the studied geographies with lower
or no stress factors such as Ireland, Germany or Romania do not have specific
national regulations for wastewater reuse. The most progressive regulations in terms
of water reuse in a wide range of applications can be observed for Spain or Italy,
which are also among the most affected geographies threatened by water scarcity in
Europe. On the other hand, while India and Peru belong to the most water-scarce
nations globally, clear regulations and standards for reuse are lacking in those coun-
tries. Here a disparity in the progress towards appropriate risk management can be
observed between the Global North and South, despite (often) controversial reuse
realities on the ground with their associated risks. The magnitude of pressures and
risks is often higher for the countries of the Global South, where financial con-
straints mean that the treatment coverage is usually lower. At the same time, grow-
ing water scarcity is leading to reported high levels of reuse for irrigation in agri-
culture in these countries. In this context the lack of guidelines or enforcement
of pollution control measures (which normally require capital-intensive removal of
nutrients) can form active barriers to the promotion of safe reuse practices or nutri-
ent recycling. In some cases, regulations might also be considered to have regressed.
In India, standards for discharge/reuse have been reduced from four to one set –
requiring a degree of treatment that is not necessarily achievable or applicable to
all intended end uses. Furthermore, some countries implement a BAT approach
despite financial limitations. The reasons behind such counter-intuitive approaches
are among others reported to include strong lobbying activities of national and
international actors (in support of conventional systems) as well as vested interests
of politicians (Never, 2016; Istenic et al., 2014). Nature-based solutions on the
other hand have historically been promoted among NGO’s or green movements,
and their importance has only recently started to receive attention in global agendas.
However, given the strong power relations, the implementation of NBS remains
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sub-marginal at the regime level. Although the BAT approach to risk management
is claimed to be technology-neutral, the opposite can be observed in practice (Schel-
lenberg et al., 2020).

While there are big differences in global guidelines, risk management approaches
and diverse sets of discharge standards, another discussion around ‘point of use’
standards is gaining momentum. As in the case of Ecuador, water quality crite-
ria apply for reuse scenarios. Given accelerating water scarcity, indirect reuse is
commonly observed in peri-urban environments in locations with low wastewa-
ter treatment coverage – with widespread downstream use of contaminated water
for irrigation. This means that point of use standards become highly signifi-
cant. Such conditions may necessitate implementation of a bilateral approach
to cope with the given risk reality (with separate standards for discharge and
reuse). However, given the generally observed low capacities in monitoring, safe
reuse practices may ultimately depend on awareness and responsibility of the
end user.

Land Degradation and Nutrient Recycling

The current status of terrestrial systems reveals tremendous challenges relating to
increasing land degradation, which has deep and far reaching impacts on the world’s
fundamental ability to secure food production in the long term, leading to a range
of health issues and high vulnerability within marginalized populations. Although
research studies report an immense degradation of soil quality through disaggre-
gated consumption and production systems and associated nutrient stripping, the
interlinked relevance of nutrient recycling and closed loops is not yet fully reflected
in global agendas.

Under the scope of ‘sustainable intensification’, mineral fertilization has devel-
oped into a widely established practice with an immense and powerful global mar-
ket, which is mostly controlled by transnational corporations in the Global North
(Struik and Kuyper, 2017; Jorgenson and Kuykendall, 2008). This extensive over-
use of mineral fertilisers is critically impacting water quality, while their production
is reported to account for more than 1.2% of global GHG emissions (Kongshaug,
1998; Wood and Cowie, 2004). Although the green revolution and agricultural
intensification initially led to an increase in food production, it is now reported
that it undermines the resilience of agricultural ecosystems and their capacity to
feed the global population in the long run (Struik and Kuyper, 2017). Current
studies observe declining yields and adverse effects from decreasing soil fertility
linked to the use of synthetic agricultural inputs, including both fertilisers and pes-
ticides (Biswas et al., 2014). There is a great need for more sustainable agricultural
practices, which are reported to enhance food security and water resources, and
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also to mitigate GHG emissions (Geng et al., 2019; Lin et al., 2019; Struik and
Kuyper, 2017). However, the structural globalization of investment and interna-
tional trade in the world food economy has pushed forward industrial agronomic
practices under inter-related networks and power relationships, as observed partic-
ularly in less developed geographies linked to foreign investment schemes (Jorgen-
son and Kuykendall, 2008). Although our review shows that nutrient recycling in
the form of sewage sludge occurs widely in European countries, the prevalence of
this practice varies hugely between EU Member States and in some cases increas-
ingly strict regulations indicate negative trends in sludge recycling. As an alternative,
phosphorus recovery is increasingly mandated, while the relevance of micronutri-
ents in soil matrices for plant growth and (ultimately) for public health appears to
be inadequately taken into account.

The highest vulnerabilities in terms of mature soils, harsh climatic conditions
and related poverty patterns arise in the Global South – increasing difficulties in
terms of mitigation of hunger or poverty eradication, or attainment of sustainability
goals. However, this review further shows that regulations for nutrient recycling or
sludge management are mostly absent in the countries of the Global South, despite
the given pressures. Apart from biomass (sludge) reuse or nutrient recovery, recy-
cling can also be achieved via nutrient-rich effluent and irrigation. Effluent quality
and composition rely on measures formulated as standards. Despite the growing
trend for reuse standards, especially in agricultural irrigation, comparatively strict
limitations for nutrients and thus barriers towards their recycling can be observed,
such as in the case of Italy, Israel or the new set of standards in India (Hanseok
et al., 2016; Schellenberg et al., 2020). The reasons behind this may include the
chronological development of the wastewater sector itself and complexity in the
assessment, development, management and monitoring of various different risks
with associated sets of standards in different receiving environments. Given the
historically prevalent practice of discharge to water bodies, wastewater treatment
technologies and treatment standards were typically developed in the context of
risks to the aquatic environment. Given the low capacity for independent risk man-
agement, many countries formulate regulations based on pre-existing standards and
thus often follow the BAT approach of the Global North. Following this approach
can fail to take local conditions and risks into account, which can in turn result in
the omission of appropriate alternative systems or feasible approaches.

Implemented recycling regulations can strongly depend on the wastewater col-
lection approach or prevalent treatment processes. Innovative technologies as in
the case of INNOQUA may enable both water and nutrient recycling. While algae-
based treatment systems show good performances in the elimination of a wide range
of pollutants, the formation of algae biomass can cause higher concentrations of sus-
pended solids in the final effluent. However, the biomass can readily be used as a
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fertilizing substance in agriculture. While niches allow research and demonstration
projects to develop innovative solutions that address current environmental pres-
sures, the envisaged treatment objectives can differ from current practices. This
can lead to non-compliance with current standards (as is frequently observed for
nutrient limits in water intended for reuse in irrigation), and the absence of innova-
tive and adaptive policies and standards-setting at the regime level would therefore
eventually mean that these innovative systems may never gain a legal ground for
implementation.

While prevailing approaches have been developed to address public health risks
from pathogens, more recent constraints have evolved around emerging pollutants
or heavy metals. Centralised collection of wastewater can result in the capture of a
wider range of contaminants than might be expected in a decentralised system and
thus increase the risks from agricultural application. In this case, the only suitable
option may be resource recovery – suggesting financial investments that are not
supportable in the Global South. This makes a stronger case and higher relevance
for decentralization in less developed countries. While NBS such as constructed
wetlands can have comparatively lower treatment performances for certain pollu-
tants, studies indicate their potential to remove a wider spectrum of pollutants as
compared to the current constellations of conventional systems, although further
investigations are needed to assess elimination processes for all relevant contam-
inants under varied reuse scenarios (Salgot et al., 2018; Markman et al., 2007;
Kumar et al., 2015). Certain NBS have a higher land area requirement, which can
make their installation difficult – especially in dense urban areas as found in the
Global South. This aspect would benefit from further investigations in the field
of urban planning, to explore the potential for integration of NBS within urban
landscapes. NBS technologies with lower land area requirements should also be
investigated.

There is a growing recognition that a complementary strategy including a wider
set of technological options is necessary to allow more sustainable risk management
and sectoral development. As in the case of IWRM, an integrated soil or nutri-
ent resource management approach could enable a better assessment and under-
standing of resources and further build on more sustainable risk management
strategies.

Climate Change and Energy Recovery

Shifting weather patterns are transforming the global environment and threaten
aquatic and food production systems, while the increased demand on (bio)energy
drives sectoral conflicts. Climate change is a global issue, and the need for global
action and mitigation of GHG as incorporated in the Paris Agreement has been



Discussion and the Way Forward 53

accepted by most countries. The highest climate change risks in the scope of this
study were observed for Germany and India. Various strategies and directives were
identified as having been implemented to address these risks, focussing largely on
increasing the share of renewable energy or energy efficiency. Despite a major
contribution to GHG emissions from the wastewater sector, direct mitigation
strategies or regulations for the wastewater sector are overdue in all assessed geogra-
phies; the same applies for energy recovery. However, the first milestones can be
observed in the case of Europe and especially in Germany and the UK. ‘Sewage
gas’ has been recognized as a renewable energy source in Directive 2009/28/EC.
In order to achieve targets for energy efficiency, STPs in Germany have been
mandated to operate to state-of-the-art standards, which have indirectly led to
the recovery of energy and the evolution of the sector towards energy neu-
trality. Currently, further ambitious research and demonstration projects strive
towards a fundamental transformation by shifting this usually highly energy inten-
sive sector towards becoming a key element of the energy revolution in Europe.
While this can immensely advance the wastewater–energy nexus, further inves-
tigations for GHG mitigation are required to ensure sustainability at a wider
view. These require a fundamental analysis of GHG emissions from different
treatment processes and possible mitigation strategies. The energy footprint of
treatment plants is often assessed in terms of energy consumption, which is typ-
ically higher for smaller conventional treatment plants (on the basis of PE load
treated), but such comparisons may not consider a wider footprint such as over-
all construction and operation resources or benefits arising from local resource
recovery.

Current risk management approaches, such as BAT, typically evaluate a lim-
ited number of technologies based on a limited set of parameters majorly focused
on treatment performances for one receiving environment. However, with ever-
increasing pressures and requirements for resource recycling under different receiv-
ing environments, these current evaluation matrices and parameters are obsolete
and limit the identification and thus also the path for more sustainable practices or
technologies. The continued adherence to this approach inevitably means that the
additional benefits offered by innovative and more sustainable technologies may
not be considered, making it ever-more difficult for innovations to gain ground
and compete with conventional technologies.

There are various policy options to support more sustainable development –
ranging from financial incentives to pricing mechanisms and different com-
mand and control instruments, sequenced towards gradual change. However,
the evolution of an extended number of interlinked directives as in the case of
Europe shows that adaptation of one element requires change in the whole appa-
ratus, creating an inertia that can lead to inaction. The integration of energy
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and nutrient regulations represents a particular challenge in a sectoral approach,
which rather focuses on water. Although progress towards the implementation
of integrated water resource management can be observed, a nexus or integrated
resource management approach is required to create a holistic and overall sys-
tem function including all sectors. A concrete strategy for the implementation
of such a concept in real practice is yet to be developed and demonstrated
(Allouche et al., 2015).

While pollution control measures give a mandatory range for discharge lim-
its, the reuse, recycling or recovery in the fields of reviewed regulations remain
mostly optional, unspecific in regard to the wastewater sector or indirect as in
the case of targeted improvements for energy efficiency. Specific mandates paired
with financial incentives and pricing mechanisms that directly address circular
management in the wastewater sector could help to bring forward more sus-
tainable development. In addition, there is a shared understanding that a grad-
ual approach is more likely to foster an incremental transition rather than huge
transformational shifts. This applies to both wastewater infrastructure and policy
regulations.

Overall, a systematic consideration of the wastewater nexus and disruption of
existing regimes is only observed to a limited and varying extent among the analysed
sectors and geographies. Although environmental conditions at landscape level can
drive adaptive policy measures, response times and action for delivering resilience
in the Global South mismatch with the comparatively high pressures. Meanwhile,
the Global North is facing lock-in mechanisms from cost-intensive centralised
infrastructure. In contrast, the usually less developed sector in the Global South
is assumed to provide huge potential for leapfrogging to more sustainable sectoral
development. While innovative approaches and technologies are increasingly avail-
able and relevant to the Global South, regulatory frameworks that incorporate
adaptive policies and encourage integrated cross-sector management require fur-
ther progress to facilitate an adequate response to current pressures and pave the
way for a sustainability transition.
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Chapter 3

Nature-based Wastewater Treatment –
Overview and Current Common Systems

By Evelyn Herrera and Alexander Meneses-Jácome

The current dominant approach of the ‘networked city’ reinforced by local gov-
ernments, practitioners and multilateral agencies has failed to close the sanita-
tion gap in countries of the Global South. Nature-based wastewater treatment
technologies are increasingly considered a resilient and adaptable alternative with
lower investment costs that could complement current centralised approaches, min-
imising resource consumption and reducing the growing pressures on freshwater
resources through enabling recycling and reuse of treated wastewater. This chapter
focuses on nature-based wastewater treatment systems with an emphasis on those
installed in countries of the Global South: septic tanks, waste stabilisation ponds
(WSPs), constructed wetlands and vermifilters. While the performance of nature-
based solutions can be comparable to conventional wastewater treatment systems,
two or more solutions usually have to be combined in order to meet stringent
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discharge standards. In particular, the reduction of nutrients by individual tech-
nologies can be limited, although nutrient removal may not be a requirement where
the effluents have value for irrigation purposes. Nature-based solutions can share
some of the same issues as conventional centralised approaches, such as overloading,
underloading, lack of de-sludging, improper operation and maintenance and lack
of dedicated financial/human resource. Further adoption and robust implementa-
tion of nature-based solutions in the Global South will require appropriate govern-
mental/institutional/communal interventions, including realistic and enforceable
discharge and water reuse standards, and exchange among practitioners from the
Global South and technology providers from the Global North to provide better
solutions adapted to the realities and contexts of the Global South.

3.1 Introduction: The Sanitation Challenge in the Global
South

Although the proportion of the Global population with basic sanitation services
increased from 54% to 73% between 2000 and 2017, 4.2 billion people (over half
of the global population) lack safe sanitation,1 90% of whom live in three regions
of the Global South: Central and Southern Asia, Sub-Saharan Africa and Eastern
and Southern-Eastern Asia (UNICEF and WHO, 2019). To achieve the goal of
global coverage of basic sanitation services by 2030, these regions would need to
double their efforts and increase the coverage rate at a minimum of 1 to 2 percent
points per annum (UNICEF and WHO, 2019). Even in areas where the popula-
tion connected to a sewerage system is relatively high (e.g.,>65% in Latin America
and the Caribbean), less than 40% of the wastewater collected is treated and the
efficiency of the treatment can be limited due to poorly maintained and partially
non-functional wastewater treatment plants (Vairavamoorthy and Nolasco, 2020;
WaterAid, 2019). The lack of treatment is the consequence of past trends which
were focused on sewage collection only and in combination with the common prac-
tice of discharging untreated sewage into water bodies has resulted in acute health,
environmental and economic risks in Latin America and the Caribbean (Looker,
1998; Martin-Hurtado and Nolasco, 2016; Nolasco et al., 2020).

Additionally to the underserved challenge, countries of the Global South need
to cope with a rapidly urbanising world. It is projected that by 2050, around 68%

1. Used of improved facilities (flush/pour flush to piped sewer system, septic tanks or pit latrines; ven-
tilated improved pit latrines, composting toilets or pit latrines with slabs) which are not shared with
other households and where excreta are safely disposed in situ or transported and treated off-site
(WHO and UNICEF, 2017).
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of the world’s population will live in urban areas (UN, 2019). Most of this growth
will occur in medium-sized cities and urban slums of the Global South. These are
commonly characterised by unreliable sanitation services due to deficient infras-
tructure, fragmented legislation, insufficient resource allocation and unstable gov-
ernance (Ramos-Mejía et al., 2018). Furthermore, in recent years, the construction
and planning of sanitation systems in the Global South have followed the concept
of ‘networked’ cities. This static and uniform approach is often confined to more
modern and developed parts of urban areas. This creates islands of prosperity in
vast underserved areas where the distribution and access to water and sanitation
is already uneven (Gutterer and Reuter, 2016; Monstadt and Schramm, 2017).
High connection costs to energy-intensive and large-scale wastewater treatment
technologies leave behind lower income groups that in the long term are forced
to pay higher rates for service provision (Kooy and Bakker, 2008; Monstadt and
Schramm, 2017). Moreover, the shortage of skilled human resources contributes to
poor operation of more ‘advanced’ wastewater treatment systems (Edokpayi et al.,
2016). This situation, combined with the presence of weak or non-existent utilities
and related institutions, will hinder the recovery of investment in maintenance and
operation and thus systems are left in states of disrepair (Luth et al., 2011). This,
in turn, creates distrust among low income urban populations who have no other
option than to rely on such services.

In recent years, the International Development Bank, European Investment
Bank and World Bank, among other multilateral agencies have approved loans to
different countries in the Global South to expand or construct their centralised
wastewater management infrastructure. Wastewater treatment and distribution ser-
vices are normally sub-components of development programmes with budgets
between 10% and 80% of the total cost of the project. Some examples of such
projects are summarised in Appendix 1. These developments are welcome but
it should also be noted that centralised urban planning approaches that rely on
‘advanced’ technologies can ignore options that might be more sustainable for many
Global South communities, hindering the creation of an inclusive sanitation infras-
tructure. Indeed, care must be taken that such projects do not lead to fragmented
solutions that depend on ongoing donor or sector interest. Centralised solutions,
often imported from the Global North, are now increasingly seen as unsustainable
in many applications there (Tchobanoglous et al., 2003; WWAP (UNESCO World
Water Assessment Programme), 2019).

Nature-based solutions to wastewater treatment can provide resilient and adapt-
able alternatives to established technology with lower life cycle costs. They can
allow the recovery and reuse of valuable resources present in wastewater, and
contribute to meeting environmental and social inclusion targets demanded by
the fast and dynamic developing urban areas – as well as making cost-effective
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contributions to the achievement of cross-cutting sustainable development goals
(Andersson et al., 2016b).

This study seeks to provide an overview of nature-based wastewater treatment
systems installed in countries of the Global South and discusses treatment perfor-
mance, technical considerations associated with their design, operation and main-
tenance. Environmental impacts and investment costs are also analysed against the
background of the classical approach of a ‘networked city’.

3.2 Natured-based Technologies for Wastewater
Treatment

Nature-based treatment systems or natural treatment systems for wastewater can
be defined as technologies that mimic natural processes such as the interaction of
soil, microorganisms and/or plants, and utilise natural components (e.g., gravity
forces for sedimentation) for removal of multiple pollutants. Natural systems are
also seen as technologies that require low or no external energy sources to maintain
the major treatment processes and contain no movable parts (Boano et al., 2020;
Crites et al., 2014; Kumar and Asolekar, 2016). Nature-based treatment systems
aim to protect and sustainably manage and restore natural or modified ecosystems
by addressing societal challenges in an efficient manner while providing improved
human well-being and biodiversity (IUCN, 2016). This study explores several of
the technologies that fall within these definitions: septic tanks, waste stabilization
ponds (WSP), constructed wetlands, vermifiltration and small anaerobic systems
(specifically the anaerobic baffled reactor or ‘ABR’).

3.2.1 Septic Tanks

Septic tanks are one of the simplest and most widespread means of collecting and
providing basic treatment of wastewater. Septic tanks do not require significant
infrastructure, are easy to construct and are able to (partially) treat wastewater
close to the source. They are among the most common on-site sanitation sys-
tems in many urban and rural areas of countries of the Global South (Table 3.1).
In fact, in countries such as Vietnam the use of septic tanks is institutionalised,
meaning that houses and apartment buildings must construct a septic tank regard-
less of whether their effluent is discharged into soil, surface water or sewer lines
(Nguyen et al., 2007).

A well-designed septic tank is a watertight chamber made of concrete, fiberglass,
PVC or other plastic, typically comprising two or three compartments used for
the treatment of household as well as community grey and/or black wastewater.
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Table 3.1. Septic tank coverage in various countries and

cities of the Global South (Williams and Overbo, 2015).

Countries/cities Septic System Coverage (%)

Egypt 49 (rural)
7 (urban)

Nigeria 46

Accra, Ghana 40

Bangkok, Thailand 25

Colombo, Sri Lanka 33

Dakar, Senegal 58

Dar es Salaam, Tanzania 15

Hanoi, Vietnam 63

Ho Chi Minh City, Vietnam 79

Jakarta, Indonesia 39

Karachi, Pakistan 50

Kathmandu, Nepal 70

Kuala Lumpur, Malaysia 20

New Delhi, India 40

Phnom Penh, Cambodia 37

Yamoussoukro, Côte d’Ivoire 90

It is a preliminary treatment unit which combines sedimentation and anaerobic
digestion to mainly remove suspended solids and organic carbon. The retention
time of a septic tank typically varies between one or two days (Tilley et al., 2008).
It usually consists of three zones:

1. The sludge zone where the settled solids are anaerobically digested;
2. The clear zone which retains the primary treated wastewater; and
3. The scum layer which includes, among others, oil and grease (Fig. 3.1).

While the effluent (liquid portion) typically overflows to soak-pits or soak away
fields where it percolates into the surrounding soil, the settled solids, also known
as faecal sludge, must be removed by a de-sludging process on a regular basis (e.g.,
every 1–3 years), to ensure proper functioning of the system (Mehta et al., 2019).
In countries of the Global South, the faecal sludge has caused several environmental
and public health problems due to the lack of safe treatment and its direct disposal
into the environment (Cairns-Smith et al., 2014; Strande et al., 2014). Hence, the
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Figure 3.1. Section view of a septic tank. Adapted from Ministry of Water – United Repub-
lic of Tanzania, 2018.

demand for faecal sludge management services (collection, transport, treatment,
safe reuse and disposal of faecal sludge from on-site systems) is rapidly increasing.
Faecal sludge management (FSM) is out of the scope of this study, but various
business models and processing techniques can be applied (Strande et al., 2014).

3.2.1.1 Treatment performance of septic tanks in the Global South

Septic tanks when properly designed and regularly de-sludged can be considered
as a low cost and low impact sanitation solution with removal efficiencies between
46% and 68% for BOD5 and 30–81% for TSS (Bitton, 2005). However, studies
in countries of the Global South have demonstrated that septic tanks often perform
poorly, with removal percentages ranging from 4% to 30% for BOD5 and 22–49%
for TSS (Hegg et al., 2018; Mehta et al., 2019; Nguyen et al., 2007; Williams and
Overbo, 2015). There can also be misuse of the term ‘septic tank’ as it can be
applied to latrines or soak away pits. These structures may not follow any technical
design guidelines and result in contamination of water sources which may be falsely
attributed to septic tanks.

3.2.1.2 Main causes of malfunction of septic tanks in the Global South

The most common causes of failure of septic tanks include poor design and con-
struction, overloading, inappropriate installation and lack of maintenance. In the
Kathmandu Valley of Nepal, most of the so-called ‘septic tanks’ are tanks with only
one chamber or large pits lined with brick walls and covered with concrete. Similarly
in Muaeng Klong Luang (Thailand), 32% of ‘septic tanks’ are bottomless concrete
ring tanks which allow the infiltration of the untreated effluent into groundwater
(Williams and Overbo, 2015) leading to contamination of water sources. In Dar es
Salaam, Tanzania a study revealed that the quality of water from wells in a shallow
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aquifer located in an area with a high population density where septic tanks were
in close proximity had similar characteristics to septic tank effluent: faecal coliform
levels ranged between 105 and 106 CFU/ml (Gondwe et al., 1997), 1–2 log units
above the microbial discharge standards for treated municipal wastewater of Tan-
zania (TBS, 2005).

Consistent septic tank de-sludging is rare among households and usually occurs
when the tanks are visibly clogged, overflowing or damaged. In some areas of Viet-
nam, septic tanks have not been de-sludged since their construction (Harada et al.,
2008) while in the Philippines times between emptying are often a decade (Harder
et al., 2013). Williams and Overbo (2015) found that irregular or non-existent de-
sludging was caused by a lack of information and education of septic tank owners
on the operation and maintenance of the system, as well as the lack of sufficient
and affordable de-sludging services. In India, the towns of Mira-Bhayandar (popu-
lation 815,000) and Wardha (population 125,000) are served by only one vacuum
suction service, meaning that only a limited number of septic tanks can be emptied
per year (Mehta et al., 2019).

3.2.2 Anaerobic Baffled Reactor

The anaerobic baffled reactor (ABR) can be described as an improved septic tank,
developed in the 1980s at Stanford University (Hoffmann et al., 2011; Reynaud,
2014). It consists of a series of chambers in which the water flows up through set-
tled sludge, increasing the contact time between organic pollutants and biomass,
thereby reducing total solids and organic matter concentrations in the wastewa-
ter (Figure 3.2). Anaerobic digestion and solids’ retention are the two principle
treatment mechanisms within the ABR. Anaerobic digestion occurs when organic
pollutants in the wastewater (suspended or dissolved) enter into contact with the
anaerobic bacteria located in the sludge settled at the bottom of each chamber.
Solids’ retention occurs through physical settlement in each reactor chamber (Rey-
naud, 2014). In some cases, the final chamber is filled with coarse granular material
which supports a microbial biofilm – further contributing to treatment. Where this
‘biofilm’ module is added the system is usually known as combined ABR (BORDA,
2017). ABRs are simple to operate under a wide range of hydraulic and organic
loading rates and are known to be robust to shock-load events. They can also gen-
erate biogas for various uses (Reynaud and Buckley, 2015).

China could be the country with the largest number of ABR implemented at
full-scale. Up to 2015 the Ministry of Agriculture recorded around 200,000 decen-
tralised wastewater treatment systems with ABR technology (Cheng et al., 2017).
The German NGO Bremen Overseas Research and Development Association
(BORDA) has defined the decentralised wastewater systems with the term
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Figure 3.2. Anaerobic Baffled Reactor and its main treatment mechanisms. Adapted
from MoW, 2018.

‘DEWATS’ and made the ABR its core technology due to its minimal maintenance,
low (or zero) electricity requirements, lack of movable parts and suitability for low
income communities and densely populated urban areas (Reynaud, 2014). As a
result of the Settlement Sanitation Development Acceleration Program in Indone-
sia, launched in 2010, the majority of the 2,700 ABRs installed by BORDA have
been there.

3.2.2.1 Treatment performance of ABRs in countries of the Global

South

ABRs have typical removal efficiencies for organic matter of between 40% BOD5
and 60% BOD5 (Hoffmann et al., 2011) and between 70% COD and 90% COD
at laboratory scale (Reynaud, 2014). Anaerobic treatment processes are not specif-
ically designed to remove nutrients and in certain areas are limited to 1 or 2 log
reduction for faecal coliforms (Ligy, 2018; Mahenge and Malabeja, 2018). In fact,
Kerstens et al., 2012 found that in the municipalities of Yogyakarta, Surakarta and
Blitar from Java, Indonesia, the concentration of faecal coliforms in the effluent
is tremendously high (between 108 and 1018 coliforms/100 ml). If ABRs are not
combined with other treatment systems to enable nutrient removal or wastewater
reuse, their discharges may increase the risk of eutrophication in receiving water
bodies. Chemical oxygen demand and nutrient concentrations measured at the
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effluent of ABR or combined ABR systems installed in India, Indonesia and South
Africa are presented in Table 3.2. Similar to the pilot study published by Dama
et al. (2002), the effluents from ABR systems have COD values ranging between
70 and 400 mg/l. Although COD removal in the ABR can reach efficiencies as
high as 90% under controlled conditions (Dama et al., 2002). Reynaud (2014)
found that COD reduction is non-optimal in ABRs implemented at full-scale in
some countries of the Global South. According to Reynaud and Buckley (2015), a
high amount of biodegradable organics can remain untreated in an ABR, leading to
high BOD5 concentrations in the effluent. Tchobanoglous et al. (2003) reported
a BOD5/COD ratio for wastewater after biological treatment of 0.1 to 0.3, which
is significantly lower than the average BOD5/COD ratio of 0.46 reported by Rey-
naud and Buckley (2015) and Kerstens et al., 2012 for ABRs.

3.2.2.2 Main causes of malfunction of ABR

Studies have not shown clear and consistent reasons for poor ABR performance.
Charles et al. (2003) observed that increased effluent concentrations of viruses
and pathogens from small scale wastewater treatment systems are usually associ-
ated with insufficient or absent operation and maintenance. However, Reynaud
(2014) reported that operational problems such as irregular de-sludging of the sys-
tems, lack of operator training and training of users did not have any significant
influence on effluent quality from the ABR systems. Instead rain-water intrusion,
organic-underloading and salinity were found to be the main factors limiting ABR
performance (the relationship between elevated raw water salinity and treatment
performance is still unclear; however, high salinity was associated with poorer treat-
ment performance of the ABRs built close to the coast).

3.2.3 Waste Stabilisation Ponds

Waste stabilisation ponds (WSPs) were the first nature-based treatment technol-
ogy implemented in both the Global North and Global South to treat municipal
and domestic wastewater (Ho and Goethals, 2020). They are considered a good
option for removing solids, organic matter and pathogens if sufficient land is avail-
able. WSPs can also remove persistent pollutants such as carbamazepine, diclofenac
and trimethoprim and paracetamol with up to 90% efficacy (K’oreje et al., 2018;
Macedo et al., 2011; Taherkhani et al., 2018).

In general, anaerobic, facultative and maturation ponds in series are the most
common combination for treating municipal and domestic wastewater (Fig. 3.3).
Anaerobic ponds are typically 2–5 m deep. They are designed to remove BOD
primarily through the sedimentation of suspended organic matter and their
subsequent anaerobic digestion at the bottom of the pond. The biodegradable part
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Figure 3.3. Design and principles of anaerobic, facultative and maturation ponds.
Adapted from Tilley et al. (2008).

of the settled sludge is transformed into carbon dioxide, methane and other com-
pounds while the non-biodegradable fraction or inert part remains at the bottom
(Sperling, 2007). Since there is a regular accumulation of digested solids, anaero-
bic ponds should be de-sludged once every 1–3 years (Mara, 2003). With proper
design and maintenance anaerobic ponds are able to remove more than 60% of
BOD at 20◦C (Mara, 2003; Ronteltap et al., 2014).

Facultative ponds are relatively shallow, typically between 1 m and 1.8 m deep.
They can be of two types: primary facultative ponds which receive the efflu-
ent of a preliminary treatment and secondary facultative ponds which receive
pre-settled wastewater usually corresponding to the effluent from the anaerobic
ponds. They are designed to reduce BOD concentration at a surface loading of
between 100 and 400 kg/ha/day, which allows the development of healthy algae
populations (Mara, 2003). Non-settleable organic matter in suspension together
with the dissolved organic matter is aerobically digested through a mutualistic
arrangement between algae and bacteria (Sperling, 2007). The oxygen required
by the bacteria for the oxidation of organic matter is supplied by the algae
(naturally found in the pond) as a result of their photosynthetic activity. The
retention period in facultative ponds varies between 5 and 30 days depend-
ing on the surface organic loading and the type of climate (temperate, warm
tropic, etc.) where the pond is implemented (Mara, 2003; Muga and Mihelcic,
2008).

Maturation ponds are typically 1–1.5 m deep and correspond to the polish-
ing step of the treatment. Their main function is pathogen reduction through
UV radiation. Maturation ponds can have removal efficiencies of more than
99.9% for E. coli and 4–6 log units for faecal coliforms (Sperling, 2007). If
the anaerobic ponds and/or primary facultative ponds work properly, the sludge
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accumulation in secondary facultative ponds and maturation ponds is much
lower, thus their de-sludging is infrequent or not required during their design life
(Mara, 2003).

3.2.3.1 Treatment performance of WSPs in the Global South

WSPs have been widely deployed in the Global South due to their low cost, sim-
ple construction and basic operation and maintenance. Currently in Tanzania,
WSPs represent the main full-scale technology available for treating domestic and
municipal wastewater (The United Republic of Tanzania: National Audit Office,
2018). In Kenya out of 39 publicly operated wastewater treatment plants 27 are
WSPs (Wang et al., 2014) and in Latin America 38% of the installed technolo-
gies for wastewater treatment are WSPs (Chernicharo et al., 2015). The National
River Conservation Directorate (2003) of India stated that ‘only waste stabiliza-
tion ponds, which are eco-friendly and simple to operate, will be mainly supported
to treat wastewater in India’ (although recent centralised facilities have tended to
implement more intensive engineered solutions typical of those found in the Global
North).

WSPs in the Global South have in general a poor performance. Table 3.3 sum-
marises some of the most recent literature reports on the efficiency of wastewater
treatment plants employing pond technology. Although Mara (2003) established
that WSPs are able to achieve removal efficiencies of more than 90% for BOD, TSS
and ammonia, in the Global South the removals are normally below this thresh-
old. Observed percentage removals vary from 27% in Dar es Salaam, Tanzania to
90% in Shirere, Kenya for BOD, and between 31% in Ponta Negra, Brazil and
90% in Shirere, Kenya for TSS. A limited number of studies report nitrogen and
phosphorus removals; however, some authors have reported removal efficiencies of
ammonium, TN and TP between 40 and 70%, 13 and 60% and 5 and 9%, respec-
tively in countries such as Tanzania, Brazil and Palestine.

WSPs are considered especially efficient in the removal of pathogens. Mara
(2003) stated that well operated, designed and maintained WSPs can reduce E. coli
and faecal coliforms by 99.99% or 4 log units. Few of the analysed systems matched
this potential (Table 3.3), which would not meet WHO guidelines for unrestricted
irrigation (4–6 log reduction) (WHO, 2006). In general lower than expected per-
formance has led to concentrations of BOD, TSS in the effluent that exceed the
national discharge standards of Tanzania, Botswana, Kenya, India, Egypt and Pales-
tine. WSPs situated in countries with regulations for ammonium, nitrates, total
nitrogen and/or total phosphorus generally do not meet the national guidelines for
municipal effluents into water bodies or drains or discharge standards for treated
effluent.
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3.2.3.2 Main causes of malfunction of WSPs

A mismatch between design and expected load appears to be a common prob-
lem for WSPs installed in the Global South. Al-Sàed (2007) observed that the
surface organic load in the Thalita Kumi WSP was >200% higher than the
design. Pescod (1992) found something similar in Jordan where the As Samra
Pond exceeded its design organic and hydraulic load by 57% and 25%, respec-
tively. The assessment of 95 WSPs in Ceará, Brazil indicated, on the contrary, that
all ponds were under-loaded as a result of a low household connection to the sewer
network (Da Silva et al., 2011). Maintenance problems are also a factor that can
explain poor performance of WSPs. The lack of regular de-sludging allows set-
tlement and accumulation of solids which decreases the effective volume and the
hydraulic retention time (HRT) and therefore, the overall performance of the sys-
tem. In Botswana, the volume reductions of the anaerobic and facultative ponds
ranged between 60% and 90% as a result of the operation of WSPs for more than
20 years without de-sludging (Gopolang and Letshwenyo, 2018). By 2018, in Dar
es Salam (Tanzania) there were no records of the last time WSPs were de-sludged
mainly due to low priority given to sanitation service provision, therefore insuffi-
cient funds allocated to the maintenance, expansion and rehabilitation of the sew-
erage infrastructure (usually less than 10% of the revenues collected from sanita-
tion services) (The United Republic of Tanzania: National Audit Office, 2018).
Table 3.4 shows the designed and calculated flow rate and HRT for WSPs that
have been studied.

Table 3.4. Differences between the design and measured flow rate and hydraulic reten-

tion times in WSPs.

Hydraulic Retention
Flow Rate (m3/d) Time (HRT) (d)

Countries Design Measured Design Measured References

Mwanza, Tanzania 5,000 5,952 – 12 Zacharia et al., 2019

Palapye, Botswana 2,779a 4,507 20 7.1 Gopolang and
Letshwenyo, 2018

Ile-Ife, Nigeria 1,171 21,600 – – Oke et al., 2009

Ponta Negra, Brazil 8,208 4,742 – 31 Macedo et al., 2011

Talitha Kumi, – 38 AP: 2 AP: 1.2 Al-Sàed, 2007

Palestine FP: 11 FP: 4.5

MP: 11 MP: 4.5

aAssuming 80 L/cap/d.
AP: Anaerobic pond; FP: Facultative pond; MP: Maturation pond.
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The challenges faced with the operation and maintenance of WSPs together
with the increasing implementation of other nature-based technologies such as
constructed wetlands has reduced their popularity, thus, the number of wastewa-
ter treatment plants utilising pond technology has not changed significantly in the
last decades (Ho and Goethals, 2020). Instead, this low-cost technology has been
upgraded through combination with other technologies or been replaced entirely
in order to comply with stricter discharge standards and the increasing demand
of safer reclaimed water. Furthermore, increased land prices have impacted the
cost-effectiveness of WSPs in some cases. For example, despite high investment
requirement (USD 150 million) and higher operating costs of advanced electro-
mechanical treatment systems As Samra, Jordan is replacing WSPs for these tech-
nologies in order to improve the effluent quality and expand the range of wastewater
reuse applications to industrial cooling, groundwater recharge and municipal use
(Ammary, 2007).

3.2.4 Constructed Wetlands

After WSPs, constructed wetlands were among the first nature-based treatments
implemented worldwide at full-scale as a result of their low construction, mainte-
nance and energy costs – and simple operation (Li et al., 2017; Rahi et al., 2020).
Wetland technology has been adapted to treat industrial sewage, storm water and
domestic wastewater (Zhang et al., 2015). Treatment performance can be suffi-
cient to produce effluents that can be reused for restricted irrigation in agriculture
(Chandrakanth et al., 2016; Colares et al., 2019; Nivala et al., 2019; Rahi et al.,
2020; Sehar et al., 2016) and a recent study of full-scale wetlands in Mexico reveals
exceptional capacity of wetlands to deal with some types of emerging pollutants
(Herrera-Cárdenas et al., 2016).

The mechanisms of pollutant removal in constructed wetlands comprise several
biological transformations and physicochemical processes including sedimentation,
filtration, precipitation, adsorption, microbial and plant uptake (Boano et al., 2020)
(Fig. 3.4). Macrophytes act as supporting media for microbial attachment which
promotes several biological and chemical reactions, including oxygen allocation,
nitrification and denitrification. Selection of support media is important, as this will
support the active biofilm and may act as an adsorbent for some pollutants. Kumar
and Dutta (2019) describe the key components and controlling factors critical to
achieving optimum performance in constructed wetlands.

3.2.4.1 Treatment performance of constructed wetlands

Vertical flow constructed wetlands (VFCWs) and horizontal flow constructed wet-
lands (HFCWs) are the most common types of wetland technology implemented in
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Figure 3.4. General mechanisms for the removal of pollutants in CWs, adapted from
Gorito et al. (2017); Tilley et al. (2008).

Figure 3.5. Flow path for Horizontal Flow Constructed Wetland (HFCW) and Vertical
flow constructed Wetlands (VFCW). Adapted from Gorito et al. (2017) and Tilley et al.
(2008).

the Global South (Fig. 3.5). Although at laboratory scale, both show high removal
efficiencies for TSS (81% for HFCW, 89% for VFCW), their performance is lim-
ited for COD (56.3% HFCW, 60% VFCW) and BOD (66.2% for HFCW, 74.6%
for VFCW) (Chandrakanth et al., 2016). It has been demonstrated that VFCWs
can achieve better removals when compared to HFCWs as a result of intermittent
loading of the system which increases the transfer of oxygen creating a better oxidis-
ing environment for the degradation of organic matter (Zhang et al., 2015). Total
Nitrogen removal rates in both systems remain close to 50% due to their inability
to provide appropriate sequential aerobic and anoxic conditions. In response to this
situation, wetland technologies can be combined, e.g., HFCW-VFCW or VFCW-
HFCW, to leverage the strengths of the separate systems. Hybrid constructed wet-
lands have been demonstrated to have better removal efficiencies up to 80% of the
organic matter (BOD5) independently of the HFCW-VFCW or VFCW-HFCW
combination (Brix et al., 2011; Singh et al., 2009; Taylor et al., 2015).

Phosphorus removal in constructed wetlands is a result of two principle
mechanisms: plant uptake and harvesting (as examined by authors including
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He et al., 2018) media sorption/precipitation (as examined by authors including
Colares et al., 2019). However, despite these parallel mechanisms, constructed wet-
lands have a relatively low efficiency in phosphorus removal (Kumar and Asolekar,
2016; Vasconcellos et al., 2019; Zhang et al., 2015), therefore to comply with
national and international discharge standards, it is usually necessary to use a final
polishing step such as chemical precipitation (Colares et al., 2019).

In countries of the Global South constructed wetlands have been utilised as a
secondary treatment technology – commonly after septic tanks (Decezaro et al.,
2018) or ABR systems (CSE, 2020; Singh et al., 2009; Taylor et al., 2015) – to
treat domestic or municipal wastewater, often at small scale (Zhang et al., 2015).
Numerous authors report combined treatment efficiencies where constructed wet-
lands are used in conjunction with established and emerging primary/secondary
treatment technologies (Colares et al., 2019; Decezaro et al., 2018; Tomar and
Suthar, 2011). An overview of the efficacy of some of these combined systems
is presented in Table 3.5. Zhang et al. (2014) compared the removal efficiencies
of constructed wetlands in the Global South with similar systems in Europe, and
despite differences in design and operation, most treatment wetlands in the Global
South were found to perform with similar efficiency to those in Europe.

Constructed wetlands are reliable and robust systems able to maintain consis-
tent treatment performances over time. In Iraq, although wastewater production
and wastewater characteristics change between summer and winter (e.g., daily flow
rate increases from 90 L/capita in winter to 150 L/capita in summer), the treat-
ment performance of constructed wetlands has not been found to change signifi-
cantly from season to season (Rahi et al., 2020). In India the removal efficiency of
CWs at pilot scale and laboratory scale has been shown to be independent of the
climate variability caused by monsoon seasons (Ramesh et al., 2017). Addition-
ally, a HFCW installed in the Arrudas Wastewater Treatment Plant in Belo Hor-
izonte, Brazil has demonstrated consistent treatment efficiency for a study period
of 10 years with average removals of 55% BOD5, 64% COD, 66% TSS 66%
and 54% Total Phosphorus (Vasconcellos et al., 2019). Such data are encouraging,
although it should be noted that this chapter explores only a small sample of the
papers which examine constructed wetland performance in countries of the Global
South.

3.2.4.2 Main causes of malfunction of constructed wetlands

Leakages, substrate clogging (and consequent ponding), insufficient vegetation,
improper design and lack of operation and maintenance are the most com-
mon causes of failure identified in constructed wetlands. Saturation and clog-
ging of the filter material have been classified as the worst operational problems
by Gokalp et al. (2014) and Kimwaga et al. (2013), exacerbated by incomplete
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vegetation establishment and inappropriate vegetation management (BORDA,
2019b; Gokalp et al., 2014). Lack of maintenance and inadequate operation are
cross-cutting issues among all nature-based wastewater treatment technologies, but
Gokalp et al. (2014) found that 96% of the CWs in the province of Kayseri, Turkey
had not received any kind of maintenance after their construction which together
with substrate clogging, leakages, and their implementation in flood-prone areas
had transformed constructed wetlands into swamp-like systems.

3.2.5 Vermifiltration

Vermifiltration (also known as lumbrifiltration) was first advocated in 1992 by Prof.
Jose Tohá at the University of Chile (Samal et al., 2017). It has been recognised as
a novel, odourless, sludge-free and low cost technology for wastewater treatment
(Choudhary and Medok, 2017; Kumar and Ghosh, 2019; Singh et al., 2017).
Vermifiltration is a liquid state vermi-conversion process used to treat domestic,
municipal and industrial wastewater (Samal et al., 2017) that is related to, but dis-
tinct from vermi-composting. It involves the synergistic and symbiotic action of
earthworms and microorganisms, and has been shown to be a process that requires
low investment and operation costs with high removal efficiencies of organic matter.
When designed and operated well these systems do not clog and produce limited
excess sludge (Singh et al., 2017).

Vermifilters comprise an earthworm population in a filter bed which can, for
example, comprise soil, sand and gravel (Singh et al., 2017). The filter bed is nor-
mally stratified, with an upper organic layer hosting the earthworms, while lower
mineral layers support a microbial biofilm. The earthworms enhance the biologi-
cal reactions within the filter media through their ingestion and digestion of solids
introduced in wastewater (Singh et al., 2019).

Through burrowing and channelling/tunnelling earthworms intensify aerobic
degradation processes, increasing the surface area of the bedding and maintaining
the overall hydraulic conductivity of the system. These actions prevent clogging,
increase the reduction of organic matter and aid in overall nutrient removal (Luth
et al., 2011; Singh et al., 2017, 2019; Sinha et al., 2008). For instance, it has been
demonstrated that earthworms in a vermifilter are able to remove small loadings
of BOD (200–400 mg/l) within a 30–40 minute HRT and high BOD loads (in
excess of 10,000 mg/l), such as those found in food-processing industries, when the
HRT is increased to 4–10 h (Sinha et al., 2008).

3.2.5.1 Treatment performance of vermifilters

Vermifilters treating domestic or municipal wastewater in the Global South have
demonstrated removal efficiencies up to 95.5% of BOD5 (Gallegos Valqui, 2019),
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92% of COD (Rothmund and Becker, 2018) and 92–99% of TSS (Peña et al.,
2019; Rothmund and Becker, 2018). Peña et al. (2019) highlighted that vermifilters
treating raw wastewater function as both a primary and secondary treatment system
able to reach similar or higher removals than the combination of septic tanks and
biological reactors. Vermifilters have been shown to remove more than 80% of
NH4-N and Kumar and Asolekar (2016) and Peña et al. (2019) have reported
enhanced nitrification as a result of the earthworms in the filter-beds. However,
removals of TN and PO4-P are generally limited (Table 3.6). While the discharge
of nutrient-rich effluent could have severe impact in water bodies, some authors
have seen it as an opportunity to reuse such effluents for irrigation as in Manchay,
Peru where the vermifilter effluent has been recommended for the irrigation of a
forest area of approximately 6 ha (Gallegos Valqui, 2019).

The efficiency of vermifiltration depends on several factors, among them the
amount of earthworms in the vermi-bed and their species. Gallegos Valqui (2019)
demonstrated that a change from 5,900 earthworms/m2 to 24,605 earthworms/m2

increased the removal efficiency of BOD5 from 45% to 95.5% within one month
(March – April 2019). In fact, Choudhary and Medok (2017) recommend to start
the vermifiltration of wastewater with 15,000–20,000 worms/m3 of soil in order to
have higher removal efficiencies. In vermifiltration, earthworm species Eisenia fetida
(E. fetida) have been identified as the optimal candidate to decompose organic mat-
ter in wastewater (Singh et al., 2019). They have their maximum removal efficiency
in a temperature range between 20◦C and 25◦C (Sinha et al., 2008). Nevertheless,
in tropical and subtropical regions of the Global South, wastewater temperatures
can reach values above 30◦C which could decrease the treatment performance of
vermifilters that use E. fetida species (Rahi et al., 2020). Thus, other species like
Eudrilus eugeniae which are native to regions such as West Africa (Table 3.7) have
been identified as a possible alternative species to be used in the vermifiltration pro-
cess. As an example, Kumar and Asolekar (2016) compared at laboratory scale the
capacity of E. eugeniae and E. fetida in Roorkee, India to treat domestic wastewa-
ter at a hydraulic loading rate (HLR) of 2.5 m3/m2/d. Removal efficiencies were
significantly higher for filters with E. fetida (88% for BOD5, 78% for TSS, 85%
for NH4-N and 3.12 log reduction for total coliforms) than those with E. euge-
niae (70% for BOD5, 67% for TSS, 66% for NH4-N and 0.98 log reduction for
total coliforms); furthermore, E. eugeniae populations were not stable during the
research. It should also be noted that in the INNOQUA project, earthworm species
native to colder countries (in this case Ireland) were used – both Eisenia hortensis
(syn. Dendrobaena venata) and E. fetida were successfully trialled in vermifilters
treating municipal wastewater at temperatures between 5◦C and 15◦C (data not
shown).
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Table 3.7. Earthworms species characteristics and distribution in the Global South (Patel

and Gajera, 2018).

Weight Temperature Moisture
Earthworm Adult Tolerance Tolerance
Species Worm (g) (◦C) (%) Active Phase Distribution

Eudrilus
eugeniae

1.5–2.5 18–35 20–40 Throughout
the year

Tropical Africa and
South Africa

Eisenia fetida 0.3–0.7 15–30 20–40 Throughout
the year

Temperate regions of
Europe, north
America and India

Perionyx
excavatus

0.8–1.2 8–30 30–50 Throughout
the year

Tropical countries

Dichogaster
bolaui/
Dicogaster
affinis

0.04–0.07 20–28 20–30 July–October Tropical countries

Drawida
barwelli

0.2–0.5 20–30 40–50 August–
November

Tropical countries,
shade essential for
establishment

Lampito
mauritii

0.8–1.5 18–28 20–40 June–August Plains of Indian
peninsula

In the Global South there is still limited information about the performance of
this technology in full scale applications though its potential as a ‘plug and play’
addition to existing systems has recently encouraged the commercialisation of the
technology in Chile, Mexico, Venezuela and India (Sinha et al., 2014).

3.2.5.2 Main causes of malfunctioning of vermifilters

HLR is a critical factor for vermifiltration (Sinha et al., 2008). Depending on soil
characteristics, high HLR may cause saturation of the vermibed, reducing concen-
trations of oxygen in the filter media, and thus increasing mortality of earthworms
(Xing et al., 2010). Higher HLR also leads to the infiltration of higher volumes
of wastewater in the media, which reduces the contact time needed for the bio-
chemical reactions, thus reducing the treatment efficiency of the vermifilter (Singh
et al., 2017). Gallegos Valqui (2019) and Paico Revilla (2017) also highlighted
that the treatment efficiency depends on the height of the active layer or vermibed
which should be kept consistent, hence filter material for the vermibed has to be
added periodically. As with other wastewater treatment systems, poor maintenance
will result in poor performance and this is a common challenge in the Global
South.
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3.3 Nature-based Treatment Performances
and Their Compliance with National Standards

Many of the nature-based solutions analysed in this study would be categorised
as small-scale sanitation systems, defined by Klinger et al. (2020) as wastewater
treatment systems serving between 10 and 10,000 households or treating 5,000
to 700,000 L of wastewater per day. However as can be seen from Figure 3.6 the
volume treated by each technology referenced in this study is quite broad.

Klinger et al. (2020) performed a country-wide study to establish, among others,
the treatment performance of established, conventional and nature-based, small-
scale wastewater treatment systems in India. Although, small-scale systems have
been implemented in different contexts, nature-based solutions (ABR and CW)
are mostly built in low-income residential areas while highly automated and mech-
anised processes (sequencing batch reactors and activated sludge systems) are mainly
found in middle to high-income residential areas, institutions and commercial
areas. Factors such as water accessibility, type of water supply, diet and fibre intake
influence per capita wastewater production and pollution load (Henze et al., 2008;
Reymond et al., 2014; Rose et al., 2015; Wolter, 2018). Appendix 2. summarises
wastewater production and wastewater characterisation for different countries.
Municipal wastewater (mixture of wastewater from different sources including
households, restaurants, small businesses, etc.) tends to have lower organic and
solids concentration than domestic wastewater. Besides, wastewater from areas with
intermittent water supply (e.g., public water tap) is more concentrated than areas
with permanent water supply usually associated with higher water consumption,
which produce a more diluted wastewater (Klinger et al., 2020; Wolter, 2018).

The type of wastewater to be treated by the sanitation systems influences the
removal rate of the different technologies and their capacity to provide effluents that
comply with the national discharge standards of the country. For example, nature-
based systems installed in low-income residential areas and public toilets treat more
concentrated wastewater and are exposed to higher changes in the inlet concentra-
tion than mechanised systems installed in commercial, middle-high-income and
institutional areas (Klinger et al., 2020) (Fig. 3.7).

According to the results of Klinger et al., 2020, the removal efficiencies of nature-
based solutions for BOD, COD and TSS, and in some cases effluent concentra-
tions, are comparable to mechanised treatment systems such as activated sludge
processes and sequencing batch reactors (Fig. 3.8). Contrarily, TN removal effi-
ciencies of ABR and CW technologies are slightly lower than mechanised systems
as a result of an insufficient nitrification capacity and the concentrated wastewater
treated by those systems. In other respects, the variable inlet concentration seems
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Figure 3.6. Volumes treated by nature-based solutions referenced in this study.

ABR: Bangalore, India; Gambiran, Yogyakarta, Indonesia; Minomartani, Yogyakarta, Indonesia; Durban, South
Africa; Santan, Yogyakarta, Indonesia (Reynaud and Buckley, 2015).

WSP: Mwanza, Tanzania (Zacharia et al., 2019); Dar es Salaam, Tanzania (Mbwele et al., 2004); Palapye,
Botswana (Gopolang and Letshwenyo, 2018); Shirere, Kenya (K’oreje et al., 2018); Jodhpur, India (Goyal and
Mohan, 2013); Rishikesh, India (Tyagi et al., 2011); Ponta Negra, Brazil (Macedo et al., 2011); Ceara, Brazil (Da
Silva et al., 2011); El-Mofti, Egypt (El-Deeb Ghazy et al., 2008); Talitha Kumi, Palestine (Al-Sàed, 2007).

CW: Belo Horizonte, Brazil (Vasconcellos et al., 2019); Rio Grande do Sul, Brazil. (Decezaro et al., 2018);
Martinique, French West Indies (Global Wetland Technology, 2020); Rainbow Drive, Bangalore (CSE, 2020);
Bithoor, Kampur, India (CSE, 2020); Gebze, Turkey (Taylor et al., 2015); Hachenoua, Mayotte (Molle et al.,
2015).

Vermi(filtration): Mexico (Cplantae, 2019), Bangalore, India (INNOQUA, 2018); Dar es Salaam, Tanzania
(INNOQUA, 2018).

not to affect the treatment performance of nature-based solutions. Besides, their
implementation might avoid operational problems such as intermittent function-
ing – characteristic of mechanised systems in India which aim to reduce Operation
and Maintenance (O&M) costs and or noise nuisances (Klinger et al., 2020). Since
other factors as a proper design, financial resources for the operation of the system,
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Figure 3.7. Average BOD and TSS influent concentration of small-scale sanitation sys-
tems in India. Error bars indicate standard deviations. Approximate values taken from
Klinger et al., 2020.

Res: Sanitation systems installed in middle-income or high-income residential areas, usually conformed by mul-
tistoried buildings.

Ins/Com: Systems installed in institutions such as schools, hospitals or offices as well as commercial centres, hotels
and restaurants.

Low-Res: Sanitation systems installed in formal and informal low-income settlements.

Mun: Refers to systems treating a mixture of wastewater coming from households, restaurants and small businesses
which are connected to the treatment plant. These systems are managed by municipalities.

SBRa: Primary sedimentation tank – Sequencing Batch Reactor – Secondary sedimentation Tank–Chlorination.

SBRb: Sequencing Batch Reactor – Activated Carbon Filter – Chlorination.

SBRc: Sequencing Batch Reactor – Secondary Sedimentation Tank – Ultrafiltration – Reverse Osmosis.

ASPa: Extended Aeration/Activated Sludge (suspended growth) Processes – Secondary Sedimentation Tank –
Pressure sand filter – Activated Carbon Filter – Ultrafiltration.

ASPb: Extended Aeration/Activated Sludge (suspended growth) Processes – Secondary Sedimentation Tank –
Pressure sand filter – Activated Carbon Filter – Chlorination.

ASPc, ASPd: Extended Aeration/Activated Sludge (suspended growth) Processes – Secondary Sedimentation
Tank – Pressure sand filter – Activated Carbon Filter.

CW: Primary sedimentation tank – Horizontal Flow Constructed Wetland.

ABRa: Primary sedimentation tank – Anaerobic Baffled Reactor – Horizontal Flow Constructed Wetland – Pol-
ishing pond.

ABRb: Primary sedimentation tank – Anaerobic Baffled Reactor – Horizontal Flow Constructed Wetland.

ABRc, ABRd: Primary sedimentation tank – Anaerobic Baffled Reactor – Anaerobic Filter – Horizontal Flow
Constructed Wetland.
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correct O&M, etc., also influence the treatment performance of the different tech-
nologies, the equivalence in removal rates of nature-based and mechanised systems
presented by Klinger et al. (2020) might not be transferrable to other countries and
should be carefully analysed in other contexts.

For several years countries of the Global South have tried to protect human
health and the environment through stringent wastewater discharge standards
(Table 3.8). However, discharge standards can often be inappropriate and unattain-
able (Schellenberg et al., 2020) and can hinder the development of more sustain-
able alternatives that could mitigate challenges presented in growing cities. With
the exception of some countries (Mexico, Brazil and Jordan for example) several
countries of the Global South lack standards for the design of small-scale sys-
tems or for water reuse. When comparing among the countries, it is noticeable
that the limits have a high variability and usually are more stringent than the EU
Urban Wastewater Treatment Directive requirements. For example, India has very
significant challenges with provision of sanitation and wastewater treatment but

Figure 3.8. See next page for key to abbreviations used.



Nature-based Treatment Performances and Their Compliance 99

Figure 3.8 (Continued). BOD, COD, TSS and TN removal efficiency and treated water
quality of conventional and nature-based technologies implemented at small-scale in
India and Nepal. Error bars indicate standard deviation. Approximate values taken from
Klinger et al., 2020. See Fig. 3.7 for explanation of abbreviations.

its discharge standards are strict in comparison to other countries of the Global
South (and indeed Global North). Schellenberg et al. (2020) analysed the causes
and consequences of such standards and concluded that resilient, economically and
environmentally sustainable technologies should be included in future standards to
better ensure enforceable, achievable and realistic discharge limits in line with what
can be sustainably achieved.

Where individual nature-based treatment systems are incapable of meeting local
discharge standards a combination of treatment modules is often required – which
in turn can imply higher capital, operation and maintenance costs that directly
or indirectly promote the reuse and discharge of untreated water (Kramer et al.,
2003). In Tanzania for example, the Ministry of Water analysed the approximate
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CAPEX and OPEX of a combination of different small scale wastewater treatment
systems (Table 3.9). According to the analysis, primary treatment, ABR, advanced
tertiary treatment and UV would be the only combination able to meet their
national discharge standards (30 mg/l BOD5, 60 mg/l COD, 100 mg/l TSS (TBS,
2005)). By comparing System 3 (primary treatment, ABR, advanced tertiary treat-
ment and UV) to System 2 (primary treatment, Combined ABR and CW), it is
observed that to increase the removal efficiency of COD by only 3 percentage points
implies a doubling of the CAPEX and OPEX. Delivering sanitation that is sustain-
able in its truest sense and at a meaningful pace will require flexible approaches
to discharge standards – both in terms of developing and also regulating any
limits.

Table 3.9. Effluent characteristics, capital and operation costs of small-scale systems in

Tanzania. Values in parenthesis correspond to removal efficiencies (%). Modified from

MoW, 2018.

Inlet

Primary
Treatment,

ABR

Primary
Treatment,

Combined ABR
and CW

Primary Treatment,
Combined ABR,

Advanced Tertiary
Treatment and UV*

TSS (mg/l) 350 250 (28.6) 30 (91.4) 25 (92.8)

COD (mg/l) 1400 350 (82) 100 (93) 60 (96)

PO4-P (mg/l) 15 15 (0) 10 (33.3) 6 (60)

NH4-N (mg/l) 20 87 (–) 70 (–) 10 (50)

Faecal
coliforms
(counts/100 ml)

1012 107 105 103

CAPEX (USD/cap) 20 80–120 150–200

OPEX (USD/cap/year) 5 5–10 8–15

*UV: Ultraviolet.

3.4 Nature-based Solutions in the Context of Resource
Recovery and Reuse: Some Examples

The current global outlook in terms of water availability is characterised by a grow-
ing demand for food and growing pressure on freshwater resources (Andersson
et al., 2016a). According to Mateo-Sagasta et al. (2015) the nitrogen contained
in the 900 million m3 of wastewater produced every day in the world would be
enough to replace 25% of the nitrogen currently used in agriculture, while the
volume would be sufficient to irrigate 15% of the farmland in the world. Compared
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with energy-intensive and centralised wastewater plants, nature-based solutions can
be installed at small-scale, supporting local water and nutrient recovery initiatives.
Despite barriers such as lack of regulations for wastewater reuse in several countries
of the Global South (CONPES, 2020), whenever possible, nature-based solutions
are designed to allow reuse of treated wastewater for landscape or crop irrigation
(Table 3.10).

Table 3.10. Examples of wastewater reuse in countries of the Global South.

Types of System
Countries Technology Wastewater Capacity Comments References

Morocco HFCW Municipal 10 m3/d Reuse of water for
irrigation of a
garden

Global Wetland
Technology, 2020

Lima, Peru VFCW Greywater 2000
Population
Equivalent
(PE)

Irrigation of green
public areas

Global Wetland
Technology, 2020

Miraflores,
Peru

CW Grey and
blackwater

70 PE Irrigation of green
public areas

Global Wetland
Technology, 2020

Peru VFCW Greywater 160 PE Reuse for toilet
flushing and
irrigation in green
areas

Global Wetland
Technology, 2020

Peru CW Domestic 55 PE Irrigation for
agricultural area

Global Wetland
Technology, 2020

India Vermifiltration Domestic 1.5 m3/d Irrigation of a
community garden
that will provide
fruit and vegetables
to a nearby school

INNOQUA, 2018

Tanzania Vermifiltration Domestic 1.5 m3/d Irrigation of a
banana plantation
located near the
treatment plant

INNOQUA, 2018

The limited removal of nutrients that can be characteristic of nature-based
wastewater treatment solutions can be presented as an opportunity rather than
a challenge in the Global South if water reuse is intended. However, the desir-
ability of nutrient-rich effluents from wastewater treatment can sometimes impact
negatively on the performance of those treatment systems. In Moshi, Tanzania,
a constructed wetland has been connected to a WSP (consisting of an anaero-
bic pond, two facultative ponds arranged in parallel and six maturation ponds
arranged in series) to partially treat the effluent of the second maturation pond.
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While the effluent of the WSP is used for irrigating ∼113,000 m2 of paddy fields
and sometimes other crops such as tomatoes, spinach and amaranths, the WSP-
CW effluent is directed to a fish pond and a pilot paddy field (8,094 m2) located
downstream of the treatment system and owned by Moshi Urban Water Supply and
Sewerage Authority (MUWSA) (Kihila et al., 2014; Kimwaga et al., 2013). Accord-
ing to Kihila et al., 2014 in periods of high demand (planting and growing season)
for irrigation water, farmers normally block the outlet of the wetland to prevent
water to flow to the fish pond. The accumulated and partially treated wastewater
is then diverted to the paddy fields in order to have more available water for irriga-
tion. This practice impacts the performance of the constructed wetland reducing its
removal efficiency for parameters such as faecal coliforms, whose high levels increase
the health risk for farmers and final consumers of the irrigated crops. Nevertheless,
due to the reliability of treated effluent flows, farmers close to the treatment plant
not only avoid the use of artificial fertilisers but also grow twice as much as local
farmers who practice rain-fed agriculture (Kihila et al., 2014). Similarly, in India,
the use of untreated or partially treated wastewater for rice and vegetable produc-
tion is a common practice in urban and peri-urban areas (Starkl et al., 2015). High
level decision makers, governmental stakeholders and researchers are aware of the
health problems this practice might generate to farmers and end-consumers – and
increasingly acknowledge the potential for nature-based wastewater treatment to
deliver water suitable for irrigation (Starkl et al., 2015).

3.5 Comparison of Technologies, Cost, Land
Requirement, Energy Consumption and GHG

Usually the selection of wastewater treatment technologies is limited to assessment
of construction, operation and maintenance costs. Nevertheless, there is an increas-
ing need to transform the paradigm from choosing the most economical technology
to choosing the most sustainable one. A sustainable wastewater treatment tech-
nology can be defined as economically affordable, protective of the environment,
technically and institutionally consistent and socially acceptable (Capodaglio et al.,
2017; Molinos-Senante et al., 2014). This section presents a comparison of direct
and indirect environmental impacts and economic costs of conventional wastewa-
ter treatment systems (conventional activated sludge) and natural wastewater treat-
ment systems (constructed wetlands, WSPs and ABR systems). It is important to
highlight that even though the data that are presented in the following sections
draw from various scenarios, the overall results may inform more holistic compar-
isons between nature-based and conventional wastewater treatment systems in the
Global South.
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3.5.1 Capital, Operation and Maintenance Costs

The overall cost of a sewage treatment plant depends on numerous factors, includ-
ing time frame, location, regulations, technology, size of population served, exper-
tise required and climatic conditions (Sato et al., 2007). Table 3.11 summarises
CAPEX and OPEX of several conventional and nature-based treatment systems in
selected countries of the Global South. In India, the CAPEX and O&M costs of the
Activated Sludge Process (ASP) are almost 5 and 11 times, respectively, higher than
of WSP for the same volume treated. Sato et al. (2007) report annual O&M costs of
∼47USD per m3/d for ASP treatment, but ∼4USD per m3/d for WSP treatment
(Sato et al., 2007). In other countries the cost of construction of natural treatment
systems such as vermifilters (35–60 USD per capita in Chile (Sinha et al., 2014))
or constructed wetlands (133–373 USD/m3 in China (Liu et al., 2009)) compares
favourably to costs for an ASP (150–300 USD per capita in Chile (Sinha et al.,
2014)) or to a ‘conventional’ wastewater treatment system (200–533 USD/m3

in China (Liu et al., 2009)). However, when different nature-based systems are
combined to deliver treated wastewater compliant with local discharge standards,
capital costs may be significantly higher than for a conventional system delivering
equivalent levels of treatment due to their higher land area requirement – although
annual O&M are likely to be much lower in the nature-based systems as a result of
low energy requirements and simple, low-cost maintenance activities such as har-
vesting of vegetation and insect/pest control (Singh et al. (2019) state O&M of
4.4 USD/m3 per year for a combined settlement, ABR and CW system treating
35 m3 per day).

Land use and land prices are among the limiting factors for the implementa-
tion of wastewater treatment technologies and in particular nature-based wastewa-
ter treatment systems. Nature-based systems have higher unit land use2 (1–20 m2

per capita) than conventional treatment systems (0.11–2.50 m2 per capita) (Su
et al., 2019). Thus their applicability might be limited in high density urban areas,
normally characterised by high land prices. For example, Suriyachan et al. (2012)
highlight land prices in central Bangkok (Thailand) of up to 1250USD per m2,
while land on the city fringe might cost as little as 125 USD per m2. In India the
price of land in rural areas is assumed to be around 2USD per m2, while in towns
surrounding Delhi prices are upwards of 10 times this price (Sato et al., 2007).
Hence the land for a 1000 m3/day WSP (with a land requirement of 30 m2/m3/d)
might cost from 60,000 to 600,000 USD depending on whether it was installed in
a rural or urban location in India.

2. Unit land use is the ratio of wastewater treatment plant area to number of inhabitants served by the system.
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3.5.2 Direct and Indirect Environmental Impacts
of Conventional and Nature-based Wastewater
Treatment Systems Based on Life Cycle Assessment

Any comparison of natural wastewater treatment systems with conventional
wastewater treatment systems in countries of the Global South should not be lim-
ited only to treatment performance, compliance with the environmental regula-
tory standards, and CAPEX/OPEX/O&M. The use of holistic comparison factors
such as geographical locations, socioeconomic conditions and global environmen-
tal impacts have also gained attention recently. In this view, Life Cycle Assess-
ment (LCA) – one of the most widely used tools to assess defined environmental
impacts related to a product, service or process – has also been applied to evaluate
the environmental response and improvement opportunities of diverse wastewa-
ter treatment typologies (Corominas et al., 2013). Nevertheless, its application to
domestic wastewater treatment with nature-based solutions in the Global South is
still insignificant in comparison to countries of the Global North (Gallego-Schmid
and Tarpani, 2019). Life cycle assessments can use different system boundaries and
impact categories as well as different functional units (such as PE, cubic metre(s) of
treated wastewater, number of households, etc.), and their interpretation is often
restricted by limitations in the quality of inventoried processes and their associated
datasets, which are particularly scarce for low-income countries (Gallego-Schmid
and Tarpani, 2019). Thus, some caution must be taken when comparing sanitation
systems on the basis of LCAs, especially in the Global South.

Comparison between conventional, and usually centralised, wastewater treat-
ment systems and nature-based sanitation solutions with an LCA approach is chal-
lenging. For example, it is observed that the majority of impacts from conventional
wastewater treatment plants occur during the operation phase (accounting from
85% to 97% of the total value in all impact indicators evaluated), while for natural
wastewater treatment systems the construction phase seems to be the most signif-
icant element (Garfí et al., 2017; Machado et al., 2006). Consequently, any LCA
comparison that excludes the construction phase (Corominas et al., 2013), would
penalise nature-based systems when compared with centralised approaches. Never-
theless, such comparative studies can be useful for indicative purposes, and help to
promote a more representative and appropriate use of LCA in the sanitation sector
of the Global South; a number are summarised in Table 3.12.

Conventional wastewater treatment systems such as activated sludge processes
are high energy consumers during operation and are thus relatively large emitters
of greenhouse gases (Machado et al., 2006; Su et al., 2019). Between 57% and 84%
of the Global Warming Potential (GWP) of an ASP can result from the operation
phase (Su et al., 2019). These facilities are also relatively large indirect emitters
of greenhouse gases, given the high demand of external electricity to drive their
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operation (Garfí et al., 2017). Furthermore, as electricity consumption per cubic
meter of treated wastewater increases in inverse proportion to the size of the conven-
tional wastewater treatment plant (Lorenzo-Toja et al., 2015), the smaller the size
of the community, district or location, the lower the environmental performance of
such systems and therefore the more appropriate natural wastewater treatment sys-
tems become (Garfí et al., 2017). By contrast, natural wastewater treatment systems
such as CW can have a CO2 fixation capacity, meaning that their contribution to
GWP during operation can be negative (depending on the type of filter material
used (Lopsik, 2013)) and whether N2O and CH4 emissions are properly consid-
ered in environmental budgets for CW units (Fuchs et al., 2011).

On the other hand, Lopsik (2013) determined that activated sludge pro-
cesses have a better environmental performance than CW if filter materials which
require large energy inputs for their production (such as lightweight expanded clay
aggregate (LECA)), are used. However, if LECA is replaced by sand and gravel, the
environmental impacts can be reduced by around 16% depending on the impact
assessment method applied. Furthermore, by using sand and gravel, the Global
Warming Potential of Constructed Wetlands can become negative as CO2 uptake
by the plants is greater than the CO2 emissions during the construction and oper-
ation phases.

The selection of construction materials will inevitably have an impact in both
conventional and nature-based systems (Pandey, 2015; Sapkota, 2016), and must
also be considered carefully – both in terms of material type and quantity used.
For example, reduced use of construction materials in CW systems can result in a
GWP that is up to five times less than for an equivalently sized ASP system (Garfí
et al., 2017; Machado et al., 2006). Overall, such comparisons should be treated
with caution – it is essential that system boundaries are set appropriately and that
high-quality LCA inventories are used. Developments outside the sanitation sector
can also have a huge impact on GWP within it – for example, if aeration in ASP
systems is powered by renewable energy, then the overall lifetime impact of the
process will reduce very significantly, and possibly to the disadvantage of nature-
based alternatives. Objectivity is essential.

WSPs have also been subjected to comparative LCA. In such studies it has been
observed that greenhouse gas production as methane (CH4) gas and indirect emis-
sions of nitrous oxide (N2O) are usually higher than their CO2 sequestration capac-
ity, making WSP and small facultative lagoons contributors to GWP impact over
their lifetime. WSP are also associated with a lack of nutrient removal; consequently,
eutrophication potential (EP) is the other relevant operational impact attributed
and evaluated for these natural remediation systems (Godin et al., 2012; Machado
et al., 2007).

It must also be noted that LCA studies on wastewater treatment often con-
sider only a limited number of impact categories (particularly GWP and EP)
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(Gallego-Schmid and Tarpani, 2019). LCA studies for nature-based wastewater
treatments, at small-scale, follow the same trend, and the scarce available studies
show a deficiency in assessment of factors such as land use (Fuchs et al., 2011;
Singh et al., 2019). Since these technologies are extensive land users, a major effort
to appraise this aspect must be imperative, in order to avoid the overestimation
of their environmental advantages. Other aspects, such as the capacity of different
wastewater technologies to deal with different types of emergent pollutants, phar-
maceuticals and pathogens must also be considered to develop a detailed picture of
toxicity impacts or other harms (Parra-Saldivar et al., 2020).

Finally, while the vision for decentralised wastewater treatment claims a major
potential for water and nutrient reuse on-site or in their immediate neighbourhood,
the number of LCA studies considering water reuse or reclamation of urban or
domestic effluents are relatively few and dominated by studies from the Global
North (Arias et al., 2020; Pasqualino et al., 2011; Singh et al., 2019).

3.6 Discussion and the Way Forward

Growth of cities in the Global South is currently overwhelming the pace at which
centralised wastewater treatment systems can be extended or implemented (Rey-
mond et al., 2020). Conventional wastewater treatment systems are unable, as the
only standard solution, to close the sanitation gap and provide sustainable san-
itation for the underserved communities of the Global South. Government and
institutions responsible for the construction, operation, maintenance and expan-
sion of wastewater treatment systems usually do not have the resources to manage
wastewater adequately, and rely on donor agencies to finance required infrastruc-
ture. In many cases these agencies may inherently support and often follow the
conventional ‘networked city’ characterised by energy-intensive, centralised treat
and dispose technologies.

The limited implementation of nature-based wastewater treatment systems can
be related, in part, to the emphasis of aid programmes towards technologies with
commercial spin off for the donors and the ‘translocation of northern designs’
to the realities and cultures of the Global South (Denny, 1997). Interviews with
representatives of multilateral agencies and a deeper analysis of their development
programmes on wastewater management would be necessary to analyse and under-
stand preferences towards imported technologies and Global North designs for
wastewater treatment. Nonetheless, an initial analysis of approved loans for sanita-
tion programmes in some countries of the Global South seems to indicate a trend
towards support of more technological, centralised approaches (Appendix 1).

Since the design, operation, construction and maintenance of on-site wastewater
treatment systems is scattered among several actors who are not necessarily aligned
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with the interests of local governments and institutions, local authorities and water
utilities may prefer conventional wastewater treatment systems because their man-
agement is distributed among larger bodies that are easier to regulate, monitor and
influence. Nevertheless, the number of on-site sanitation systems keeps growing,
and regulations covering the design and operation of nature-based solutions (par-
ticularly de-sludging of septic tanks) are increasingly common (Mehta et al., 2019).

Nature-based systems can be low cost, with simple operation and construction,
and are part of the solution for provision of sanitation in urban and rural areas of the
Global South. Septic tanks are a key component of city-wide inclusive sanitation
which together with appropriate faecal sludge management can complement con-
ventional centralised wastewater treatment systems. However, there are large dis-
parities between septic tank designs and their proper implementation in the field.
For instance, design guidelines are not followed and in several cities septic tanks
are constructed as underground pits that are only partially lined or not lined. Their
effluents are a significant environmental problem, especially where infiltration into
soil contributes to the pollution of underground freshwater reservoirs – potentially
hindering the uptake of other ‘low-tech’ (but robust) systems in the Global South.

De-sludging and safe faecal sludge management are critical factors for the proper
functioning of several on-site systems, and for the protection of the environment
and public health. Nevertheless, at the household level, unaffordable emptying fees
or non-existent emptying services hinder the proper management of faecal sludge
from such systems. Inadequate communication or user training can also be an issue.
Householders may not be sufficiently informed regarding the functioning of septic
tanks even if they have resources for system maintenance and access to appropriate
service providers.

Treatment performance is also an important issue. Nature-based solutions such
as vermifiltration are able to reach removal efficiencies of more than 80% for organic
matter and solids – removal rates that are comparable to conventional activated
sludge technologies. Nevertheless, as with conventional systems, the performance
of nature-based processes can be affected by operational factors such as overload-
ing or underloading. Hence, WSPs, which are widely deployed in the Global
South, often have HRTs different from their design, leading to effluents with high
concentrations of organic matter and solids. Failure to account for the ecosystem
services offered by WSPs, the introduction of (in some cases) inappropriately strin-
gent effluent standards, and high land prices, are all leading to the replacement of
WSP systems with more advanced technologies which are also likely to fail unless
loadings are correctly understood and managed, and the whole treatment system is
adequately operated and maintained.

According to Wang et al. (2012), standards which aim to reduce the environ-
mental consequences of effluents discharged into water bodies actually reduce the
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sustainability of wastewater treatment systems by increasing the number of required
treatment modules with their associated construction and operational impacts. Sus-
tainability gains must therefore be sought in aspects such as resource recovery. This
can have its own consequences. For example, the removal of nutrients can often be
a side effect of the treatment of organic pollutants rather than the treatment goal
of nature-based systems (Klinger et al., 2020). On the other hand, nutrient-rich
effluent is a highly valuable irrigation resource (for landscape and agriculture) in
water-scarce areas, or where local reuse opportunities are available – provided that
pathogen removal can be ensured (Colares et al., 2019). Such challenges high-
light the importance of local context and the necessity to consider wider system
impacts before selecting between conventional and nature-based sanitation solu-
tions. Indeed, in many situations it is likely that both will be needed to close the
sanitation gap.

Despite the numerous market barriers, nature-based technologies such as con-
structed wetlands, anaerobic baffled reactors and vermifilters have all found their
niches in the treatment of domestic or municipal wastewater within small com-
munities, residential buildings and peri-urban areas – and countries such as India
and Indonesia have institutionalised the implementation of small-scale wastewater
treatment systems for larger buildings (Reymond et al., 2020) and sanitation cen-
tres (GoI, 2014). In México, Chile and Venezuela, several nature-based solutions
have been developed and commercialised in the absence of regulations for discharge
standards from small-scale wastewater treatment systems.

In order to ensure further penetration of these systems as sustainable options for
sanitation coverage in the Global South, it is necessary to create appropriate gover-
nance arrangements that prevent the malfunctioning or non-functioning of nature-
based systems and the resulting discharge of untreated or poorly treated wastewater.
The creation of incentives for the implementation of sustainable wastewater treat-
ment systems and the establishment of appropriate discharge standards for water
reuse and, where reuse is not possible, for discharges from small systems, should be
considered. Furthermore, cooperation and exchanges among practitioners in the
Global South and technology providers (usually from the Global North) should
be strengthened. This information exchange will lead to solutions that are better
adapted to local contexts and will help the uptake of nature-based solutions as com-
plementary alternatives to conventional wastewater treatment systems in both the
Global South and North.
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Appendix 1. Sanitation Projects Financed by International
Developments Banks in Countries of the Global South

Countries Names of the Project Year of Approval Objectives Financing References

Ecuador Guayaquil
Wastewater
Management

2016 To provide
infrastructure to treat
100% of domestic
wastewater in the
southern and
northeastern of the
city of Guayaquil
through 35,000 new
intra-household
sanitation
connections the
construction of two
wastewater treatment
plants (chemical
enhance primary
treatment followed by
aerated stabilisation
ponds).

Total project cost: US
$461 millionTotal
financing (IBRD): US
$336.1 million

Wastewater
treatment: US $378.3
million

World Bank
Group, 2019

Kenya Kenya – Nairobi
Metropolitan Services
Improvement Project

2012 To provide large-scale
metropolitan
infrastructure in the
areas of solid waste,
transport and
sewerage services.
It includes
construction and
rehabilitation of truck
sewer lines, sewerage
treatment plants
(waste stabilisation
ponds of
10,500 m3/d and
6,522 m3/d,
20,736 m3/day).

Total project cost: US
$330 million
Total financing
(IDA):

US $300 million
Wastewater collection
systems and
treatment: US $53
million

World Bank
Group, 2020a,b;
AWSB, 2015;
NCWSC, 2019

Vietnam Danang Sustainable
City Development
Project (SCDP)

2013 To expand access of
city residents to
public services and
transport in selected
areas of Da Nang city.
Construction of sewer
line and new
wastewater treatment
unit of 40,000
m3/day and 20,000
m3/day using
sequencing batch
reactor (SBR)
technology.

Total project cost:

US $272.20 million

Wastewater drainage
system:

US $53 million

World Bank
Group, 2020a

(Continued )
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Continued

Countries Names of the Project Year of Approval Objectives Financing References

Palestine Hebron Regional

Wastewater

Management

Project – Phase 1

2015 To reduce the

environmental

pollution from

wastewater produced

in the municipality. It

includes the

construction of a

wastewater treatment

plant of 15,000 m3/d

and facilities for the

reuse of treated

effluents and

biosolids.

US $61.65 million World Bank and

Agence Francaise de

Developpement

(afd), 2014

Vietnam Can Tho drainage

and wastewater

treatment project*

From 2003 to 2014 To collect and treat

wastewater in Ninh

Kieu and Cai Rang.

To construct and

improve interceptor

sewers and construct a

wastewater treatment

(30.000 m3/day). In

2015 the first phase of

the project was

finalised. A

wastewater treatment

plant that can treat

6,000 m3/day (US

$6.5 million) was

constructed.

German

Development Bank

(KfW):

e18.7 million

IAC Vietnam and

SINH THAI

CICE, 2015,

(Vietnam

Investement

Review, 2020)

China Ningbo Sustainable

Urbanisation Project

2016 To improve the use of

urban public space,

improve urban

mobility and reduce

flood risk. It includes

the construction of

377.2 km sewers and

the reconstruction of

1.06 km sewers.

Flood risk

management

component:

US 317,106.6

Zhejiang RenXin

HuanKeYuan Co

Ltd, 2019

Tanzania Second Tanzania

Water Sector Support

Project

2017 To improve access to

water supply and

sanitation services in

in Dar-es-Salaam.

The third component

of the programme

will support the

construction of a

wastewater treatment

plant with a capacity

of 100,000 m3/day

and a truck sewer and

network.

Total project cost:

US $230 million

Wastewater treatment

plant and FSM: US

$65 million

The United

Republic of

Tanzania –

Ministry of Water,

2016

IBRD: International Bank for Reconstruction and Development, IDA: International Development Association.
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Appendix 2. Municipal and Domestic Wastewater
Characteristics for Different Countries

This Appendix has been adapted from Wolter, 2018.

Locations

WW
Production
(l/cap/d)a

COD
(mg/l)

BOD5
(mg/l)

TSS
(mg/l)

TKN
(mg/l)

TP
(mg/l)

Type of
Wastewater

(Com-
ments) References

Industrialised countries

Germany 169 821c 365 527 81d 13.8 Domestic Henze et al.,
2008

US 200b 1,000c 445 445 82.2d 13.7 Domestic UNEP and
WHO, 1997,
Henze et al.,
2008

Middle east and North Africa

Egypt 310 329e 110 176 35.5 1.6 Domestic Henze et al.,
2008;
Tchobanoglous
et al., 2003

Iraq 117.5 281.3 145.5 74.7 91.5f 3.9g Municipal
(samples from
January 2018 to
July 2018)

Rahi et al., 2020

Palestineh 21 4167i 2,381 2,952 74 7 Domestic Tchobanoglous
et al., 2003

Jordan 90 1,830 770 900 150d 25 Domestic
(Amman, Jordan)

Pescod, 1992

Iran – 811 527 459 149 12 Municipal
(composite
samples from
January 2003 to
December 2003)

Miranzadeh,
2005

Eastern Europe and Central Asia

Turkey 156 494 247 349 71 8 Domestic FAO, 2012;
Tchobanoglous
et al., 2003

Sub-Saharan Africa

South Africa 86 907 443 – 105 14 Domestic Reynaud, 2014

Uganda 68 2,037 904 706 162 7 Domestic Tchobanoglous
et al., 2003

Zambia – – 940 662 72j – Municipal UNEP – IETC,
2000

74 851 – – – – Domestic
(in-house water
supply, cistern
flush toilet)

Laramee et al.,
2018

13 2,708 – – – – Domestic (public
water tap and
pour flush toilet)

Laramee et al.,
2018

(Continued )
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Continued

Locations

WW
Production
(l/cap/d)a

COD
(mg/l)

BOD5
(mg/l)

TSS
(mg/l)

TKN
(mg/l)

TP
(mg/l)

Type of
Wastewater

(Com-
ments) References

17 4,766 – – – – Domestic
(private yard
tap and pour
flush toilet)

Laramee et al.,
2018

South Asia

India 31 1,879 1,097 – 161 23 Domestic
(low-income
areas of
Bengaluru)

CPCB, 2009;
Reynaud, 2014;
Tchobanoglous
et al., 2003

Pakistan 170 200 130 455 35 7g Domestic
(grab
samples
every 10 days
from January
2015 to
December
2015)

Ali et al., 2018

East Asia and Pacific

Indonesia 82 902 366 – 76 8 Domestic Reynaud, 2014

Thailand 213 3,81.2 217.8 – 54d 8.7 Municipal
(urban and
peri-urban
areas of
Bangkok)

Tsuzuki et al.,
2013

Latin America

Argentina 331 352 152 195 45d 5.4 Municipal
(152.400
dwellers in
average)

Bachur and
Ferrer, 2013

Brazil 122 882 504 504 90.2 6.6 Municipal Campos and Von
Sperling, 1996;
Tchobanoglous
et al., 2003

Colombia 211 – 362 323 41d 5 Municipal Arias and Brown,
2009; FAO, 2012

aAverage values from Wolter, 2018.
bAverage values (UNEP and WHO, 1997).
cCOD/BOD = 2.25 (partially diluted wastewater (Henze et al., 2008)).
dTN.
eCOD/BOD = 3 (highly diluted wastewater (Henze et al., 2008)).
f Only NH4-N and NO3.
gPO4-P.
hWest Bank and Gaza Strip,
iCOD/BOD = 1.75 (concentrated wastewater (Henze et al., 2008)).
jNH4-N.
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Chapter 4

Primary and Secondary Treatment:
Vermifiltration

By David Tompkins

4.1 Introduction

The degree to which wastewater must be treated prior to discharge from the treat-
ment system will depend on several factors – principally the quality requirements
dictated by the needs of the receiving environment or the next user of this resource.
In centralised wastewater treatments, a combination of primary and secondary pro-
cesses is commonly applied, the first acting as a physical screen for suspended pollu-
tants and the second utilising microbial processes to consume dissolved pollutants.

Similar step-wise treatments may also be applied where wastewater is processed
in decentralised systems, and a number of these have been examined in detail
in Chapter 3. Septic tanks and Imhoff tanks are common primary treatment
options (Sasse, 1998). Both are essentially sedimentation tanks in which settled
sludge is partially stabilised by anaerobic digestion prior to removal and separate
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treatment/disposal. Wastewater leaves the tank relatively untreated, although the
settlement process may remove up to 50% of solids to deliver an overall process
removal of up to 40% of BOD (Tilley et al., 2014). Secondary treatment may
then be achieved by passing the effluent through a soil filter/drainage bed or a con-
structed wetland. Other decentralised techniques – such as package plants, anaer-
obic filters and anaerobic baffled reactors provide a combination of primary and
secondary treatment, although all tend to accumulate sludges over time.

Vermifilters (or ‘lumbrifilters’) are capable of delivering both primary and/or sec-
ondary treatment in single units. The addition of earthworms to a filtration process
means that sludge accumulation is minimised, while the aerobic conditions serve
to minimise odour potential and support active microbial communities capable
of reducing BOD by more than 90% (Lourenço and Nunes, 2017). This chapter
explores design and operation principles for vermifiltration, how it has been com-
mercialised, and the challenges faced in demonstrating the technology under field
conditions within the INNOQUA project.

4.1.1 What is Vermifiltration?

Vermifilters are engineered natural systems, based on the interaction between earth-
worms and microorganisms, in which earthworms degrade and homogenise organic
wastes, increasing their surface area and facilitating subsequent bio-chemical degra-
dation of pollutants by the microbial biofilm established on a filter bed (Arora and
Kazmi, 2015). Vermifiltration relies on passive aeration through the filter bed to
maintain aerobic conditions – requiring no blowers. Where ground conditions are
suitable, filtration can take place entirely under gravity flow.

Vermifilters are used to treat blackwater, greywater, primary (settled) sewage and
a range of industrial effluents – the treated effluent then being suitable for dis-
charge, reuse or further treatment. These microbial-earthworm eco-filters (MEEs)
have been shown to provide more consistent wastewater treatment performance
than conventional biofilters that do not include earthworms. There is some evi-
dence that they can also remove both nutrients and pathogens, and produce little
excess sludge (Jiang et al., 2016). Vermifiltration principles have also been applied
to the development of ‘Tiger Toilets’ – a variation on traditional pit latrines in
which earthworms consume and stabilise faecal material, dramatically reducing
solids’ accumulation rates (Furlong et al., 2016).

Vermifiltration systems all follow similar design principles:

1. Filter media are built up in a series of layers – normally of increasing particle
size with depth. These layers may be mineral (sand, gravel or man-made
equivalents) or organic (compost, bark, sawdust);
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2. A distinct uppermost ‘bedding’ layer is normally included, comprising an
organic substrate or an organic-matter rich soil – to suit the requirements
of epigeic1 earthworm species such as Eisenia fetida, Eisenia andrei, Perionyx
sansibaricus or Lumbricus rubellus. Vegetation is sometimes established in this
top layer;

3. Wastewater is introduced to the top of the filter using a distribution system.
Wastewater can be introduced as greywater, blackwater or settled sewage –
each of which requires different filter media, depth and operating volume to
optimise treatment;

4. Wastewater percolates through the filter bed, where treatment takes place
in an established biofilm as it does in aerobic trickling filter systems. Earth-
worms graze on the microbial biomass and solids introduced in the wastewa-
ter – moderating the microbial community and helping to maintain aerobic
conditions. The treated effluent collects within the lowest gravel layer or a
separate sump, from where it may be collected for discharge, further treat-
ment or reuse;

5. The filter bed requires little maintenance, since a healthy earthworm popula-
tion will maintain a network of channels throughout the medium. The sur-
face may eventually become clogged with earthworm casts that can be har-
vested for reuse in agriculture or horticulture;

6. Vermifiltration systems require no external power, although pumps are com-
monly used to introduce wastewater and/or remove treated effluent. They
may be operated as single units, or as multiple units in series – depending on
site and wastewater-specific circumstances.

The key components of a basic vermifilter are shown in Figure 4.1, while the key
mechanisms are shown in Figure 4.2 and the key trophic pathways in Figure 4.3.

4.2 Design and Operating Principles

Vermifilters combine three key elements:

1. The ability of specific types of earthworm to consume organic solids;
2. The ability of bacteria in attached-growth biofilms to break down dissolved

organic pollutants in wastewater; and
3. Aerobic conditions, facilitated by selection of appropriate filter media.

1. Found predominantly on the soil surface in leaf-litter, compost or manure. These species are widely used in
vermi-composting.
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Figure 4.1. Schematic for a vermifilter, adapted from Singh et al. (2017).
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Figure 4.2. Mechanisms of vermifiltration, as set out by Singh et al. (2019).

Despite their apparent simplicity, interactions between earthworm species,
bedding material type, filter media type, type of wastewater, temperature, pH,
hydraulic loading and other factors will affect the performance of any individ-
ual system. Variations in filter bed depth and wastewater dosing regime are also
important, with intermittent dosing more likely to produce stable aerobic con-
ditions, increasing nitrification activity and reducing the potential for ammonia
toxicity to earthworms – which will in turn allow them to exploit the filter media
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Figure 4.3. Basic trophic pathways in vermifiltration, as set out by Jiang et al. (2016).

more thoroughly. Earthworm feeding and casting behaviours also lead to changes in
microbial community structure, which in turn lead to changes in wastewater treat-
ment performance Jiang et al. (2016), Singh et al. (2017), and Liu et al. (2012).
Detailed exploration and understanding of these interactions remains the focus of
research activities that are reported in the scientific literature. Key elements – earth-
worms, bacteria and filter media – are explored in the following sections.

4.2.1 The Role of Earthworms

Earthworms are functionally classified according to their feeding and burrowing
habits. Detritivores feed at or near the soil surface on plant litter and animal
manures, while geophages feed within the soil and derive their nutrition from soil
organic matter and dead roots ingested within large quantities of soil (Curry and
Schmidt, 2007). Various subdivisions within these two broad groups are commonly
used: epigeic, anecic, and endogeic (Bouché, 1977).

• Endogeic (soil feeders) and Anecic species (burrowers) live in the soil and
consume a mixture of soil and organic matter; and

• Epigeic species inhabit organic soil horizons, in or near the surface litter,
and feed primarily on coarse particulate organic matter (Domínguez and
Edwards, 2011).
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Further subdivisions of the endogeic group have been proposed, based on feeding
strategies in relation to organic matter: polyhumic, mesohumic and oligohumic etc.
(Curry and Schmidt, 2007).

Epigeic species occupy unpredictable and unstable habitats, characterised by
highly variable environmental conditions, food availability, and predation pres-
sures. In response to these pressures, they have high rates of consumption and
digestion, as well as high reproductive and metabolic rates. When conditions are
unfavourable, epigeic earthworms suffer high mortality, population density oscil-
lates widely, and the reproduction rate increases greatly. Under unfavourable envi-
ronmental conditions, high reproduction rates help to ensure population survival,
and the formation of cocoons can enable the worms to resist until conditions
become more favourable. Since organic matter acts as both the habitat and food
during vermicomposting – with no requirement for soil – only epigeic earthworms
are suitable for use in these processes (Domínguez, 2018). As an epigeic species,
Eisenia fetida is abundant in garden compost heaps and also found in grasslands
improved with farmyard manure, as well as sewage filter beds. It is not common in
organic horizons in woodland soils (Natural England, 2014).

Earthworms have no specialized respiratory organs; they obtain oxygen by diffu-
sion through the body wall and lose carbon dioxide by diffusion. However, earth-
worms are sensitive to anaerobic conditions, and their respiration rates decrease by
around 55 to 65% when oxygen levels reach 0.25 of their normal partial pressure
(Edwards and Lofty, 1977). Individuals of E. fetida and other species have been
reported to migrate in large numbers from a water-saturated substrate in which
the oxygen conditions had been depleted or in which carbon dioxide or hydrogen
sulphide had accumulated (Edwards and Lofty, 1977). However, they can live for
long periods in adequately aerated water, such as in trickling filters in wastewater
treatment plants (Domínguez, 2004).

The habits of epigeic species suit them for engineered processes such as ver-
micomposting and vermifiltration, which require managed degradation of organic
substrates such as food wastes and sewage sludge. Five earthworm species have been
used extensively in vermicomposting: Eisenia andrei, Eisenia fetida, Dendrobaena
veneta, Perionyx excavatus, and Eudrilus eugeniae (Domínguez and Edwards, 2011).

The optimum temperature for growth of Eisenia fetida and Eisenia andrei is
25◦C, and although these species can tolerate a wide range of moisture conditions,
the optimum moisture content is 85%. In optimum conditions, hatchlings can
reach sexual maturity in as little as 21 days, with an ultimate lifespan of up to five
years. Feeding is reduced at temperatures below 10◦C, while development of young
earthworms and cocoon production cease below 4◦C. In extremes of temperature,
earthworms migrate to deeper layers where they hibernate – although they cannot
survive long periods under freezing conditions. The unfavourable effect of high
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Table 4.1. Some of the optimal conditions for breeding of

E. fetida and E. andrei in organic wastes, as reported by

Domínguez and Edwards (2011).

Parameters Requirements

Temperature 15◦C to 20◦C (optimum)

4◦C to 30◦C (range)

Moisture 80–90% (optimum)

60–90% (range)

Oxygen Aerobic conditions

NH3-N content Less than 1 mg g−1 (fresh weight basis)

pH 5–9

temperatures (above 30◦C) on most species of earthworms is not entirely a direct
effect, because these warm temperatures also promote chemical and microbial activ-
ities in the substrate; increased microbial activity tends to consume available oxy-
gen, reducing earthworm survival (Domínguez and Edwards, 2011).

Earthworms are very sensitive to ammonia and cannot survive in organic wastes
containing NH3-N at concentrations greater than 1 mg g−1 (such as fresh poultry
manure). The optimal conditions for breeding E. fetida and E. andrei are sum-
marised in Table 4.1.

Research into the potential use of earthworms to break down sewage sludge
began in the 1970s, when it was demonstrated at laboratory scale that aerobic
sewage sludge would be ingested by E. fetida and egested as casts – and that in the
process the sludge was decomposed and stabilised around three times as fast as non-
ingested sludge, apparently because of the increases in rates of microbial decom-
position in the casts (Domínguez et al., 2000). Other epigiec species have been
identified in the moist, organic-rich environments of septic tank drainage fields –
including Aporrectodea caliginosa, Aporrectodea trapezoides, Diplocardia conoyeri and
Diplocardia meansi (Hawkins et al., 2008).

Kaplan et al. (1980) examined the impacts on E. fetida of various substrate char-
acteristics in activated and anaerobically digested sludges – identifying optimum
temperature, moisture and pH conditions that have been widely reported since
(including by Domínguez and Edwards (2011) as presented in Table 4.1). They
further reported that concentrations of soluble salts in excess of 0.5% were lethal,
and that anaerobically digested sludges were toxic to earthworms, due to their low
oxidation-reduction potentials. For vermifiltration systems, these findings indicate
that care must be taken with wastewater salinity, NH3-N concentration and pH,
if earthworm productivity is to be maximised. Aerobic conditions must also be
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maintained – indicating that filter media and reactor configurations must be cho-
sen with care. There are risks that organic media (such as woodchips) will begin to
actively compost – creating microbial hotpots that lead to localised anaerobiosis and
excessive temperatures, both of which are antagonistic to optimal earthworm per-
formance, but both of which may contribute to aeration of vermifilter beds through
chimney effects.

In vermicomposting the earthworms comminute (break down and mix) and aer-
ate the waste. In traditional composting the temperature in the composting mass
can reach in excess of 70◦C, but vermicomposting is carried out at much lower tem-
peratures, typically below 25◦C. These temperatures are themselves inadequate to
cause thermal inactivation of any pathogens present in the substrate, and it is some-
times recommended that vermicomposts be subjected to additional pre or post-
composting processing to ensure that they are adequately sanitised before use (The
Composting Association, 2003). However, earthworms themselves exert significant
effects on microbial populations, which result in pathogen kill at mesophilic tem-
peratures. Eastman et al. (2001) report data from a field experiment in which two
6 m long windrows of treated sewage sludge were inoculated with faecal coliforms,
Salmonella spp., enteric viruses and helminth ova. One row was then seeded with
Eisenia fetida at a ratio of 1:1.5 wet weight earthworm biomass to sewage sludge.
All of the pathogen indicators in the vermi-processing row were decreased to below
levels in the control row within 144 hours, showing (inter alia) a 6.4log10 reduction
in faecal coliforms, 8.6log10 reduction in Salmonella spp., and 1.9log10 reduction
in helminth ova. Swati and Hait (2018) suggest that pathogen reduction through
earthworm activity may be due to direct actions such as mechanical disintegration
through ingestion and grinding action in the gizzard, inhibition due to intestinal
enzymatic action, secretion of coelomic fluids with antibacterial properties, and
selective grazing, as well as indirect actions such as stimulation of other microbial
species.

It is apparent that in addition to valuable mineralisation and comminution func-
tions (Gomez-Brandon et al. (2013) and Singh et al. (2017)), earthworms are influ-
encing microbial community structures within their habitats – including biofilms,
as normally present in vermifilters (Di et al., 2016). Whether this contributes signif-
icantly to the increased treatment efficiencies within vermifilters (as compared with
conventional biofilters) is unknown, since the browsing habits of earthworms also
contribute to improved aerobic conditions within filters. However, in their fruit and
vegetable waste vermicomposting study, Huang et al. (2017) showed increased pop-
ulations of both ammonia oxidising bacteria and archaea in material processed by
earthworms – suggesting a combined effect of bacterial community influence and
increased aeration in vermifilters, leading to increased functionality and wastewa-
ter treatment efficacy. These interactions are difficult to correct for experimentally,
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Figure 4.4. Various processes associated with earthworm stabilisation of organic waste
materials. Adapted from Swati and Hait (2018).

and research normally compares biofilters with and without earthworms to gain an
understanding of overall differences in treatment effects.

Fundamental impacts of earthworm feeding processes on organic waste materials
are outlined in Figure 4.4. A proportion of the ingested material is absorbed into
the earthworm and the remainder is ejected as casts (or ‘vermicasts’).

In vermifiltration systems, earthworms also play a vital role in reducing clogging
within physical filter media – not through creation of permanent or semi-
permanent burrows, but simply through their browsing habits, which create
temporary burrows. This is considered in more detail in the next section, but is
illustrated by the studies of Wang et al. (2010) in which the impacts of Eisenia
fetida on the hydraulic characteristics of intermittent sand filters (ISFs) were exam-
ined. In a simple experiment, two pilot-scale ISFs were constructed, one of which
contained earthworms and one of which did not. Although operated at the same
organic loading (approximately 300 g COD m−2 d−1) the ISF without earthworms
clogged after 53 days – and partially recovered after a seven-day rest interval, after
which is clogged again in 40 days. By contrast, no standing water was ever observed
on the filter with earthworms (Wang et al., 2010).

4.2.2 The Roles of Support Media and Biofilms

Vermifilters share some characteristics with trickling filters, which have a long
history of deployment in centralised and semi-centralised wastewater treatment.
A trickling filter is an aerobic fixed film reactor in which the filtration media sup-
port the growth of a biological film. Media traditionally consist of rocks, slag,
or synthetic materials. Rock and slag trickling filters generally have one to two
metres of media depth. Plastic media trickling filters are normally constructed much
deeper because of their lighter weight and better ventilation capabilities once packed
(USEPA, 1991).

Once wastewater starts to flow over the medium, microorganisms in the water
gradually attach themselves to the supporting media to form a biological film
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Figure 4.5. Cross-section of a biofilm. Adapted from Mara and Horan (2003).

approximately 0.1 to 0.2 mm thick. This community comprises a mixture of
aerobic, anaerobic, and facultative bacteria – as well as fungi, algae and proto-
zoa (USEPA, 2000a). Bacteria attach themselves to the substrate by means of the
exopolymers they produce. The initial colonisation of a solid takes place on a num-
ber of preferential sites and it is from these sites that the biofilm develops until
the total surface area of the substrate is coated. At the same time, new cells are
produced and cause the film to thicken. The oxygen and nutrients carried in the
wastewater diffuse through the film until it achieves a thickness such that oxy-
gen no longer reaches the deepest cell layers (Figure 4.5). The thickness of the
aerobic and anaerobic layers will vary depending on reactor and substrate types
(SUEZ, 2020).

As the biological film continues to grow, microorganisms near the surface lose
their ability to cling to the media, and a portion of the film falls off the fil-
ter. This process is known as sloughing. The sloughed solids are collected in an
underdrain system and transported to a clarifier for removal from the wastewater
(USEPA, 2000a).

All media filters require primary clarification (removal of suspended solids) of
the wastewater to avoid clogging. In a trickling filter, the influent wastewater is
distributed on the top surface and trickles downwards. As the water flows down-
wards, soluble organic matter is removed by aerobic heterotrophic microorganisms
in the attached biofilm. Aeration occurs through natural convection of air through
ventilation ports connected to the underdrain system at the filter base. The filter
medium is unsaturated, that is, after the liquid has trickled down, the porous spaces
are occupied by air, thus guaranteeing aerobic conditions (Oakley and Von Sper-
ling, 2017). These principles are illustrated in Figure 4.6.
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Figure 4.6. Principles of trickling filters. Adapted from Sasse (1998).

Organic loading and flow rates through trickling filters can be varied accord-
ing to the strength of the wastewater, the intended BOD removal, the nature of
the support media and the requirement for periodic flushing (to remove sloughed
biomass and minimise clogging). 80% BOD removal is possible, although recircu-
lation may be required to achieve this (depending on hydraulic retention time and
wastewater strength). Although incoming wastewater can be applied to the surface
of the filter media under gravity, it is more usually applied through pumps – which
are also required where recirculation is necessary. Despite their relative simplic-
ity, some authors do not consider trickling filters suitable for decentralised appli-
cations (Sasse, 1998). Trickling filters are normally operated with daily flushing
cycles, where flow rates are increased up to 15 times of normal operation to man-
age biomass accumulation and sloughing into the outflow. Such operations can be
implemented manually – although automatic operation is more convenient (Daig-
ger and Boltz, 2011).

In addition to removal of BOD, aerobic conditions mean that trickling filters
are also capable of nitrification – converting NH4

+-N to NO−3 -N – providing con-
ditions are correct. Trickling filters may be engineered specifically for nitrification,
or for providing combined nitrification and BOD5 removal (they are also designed
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Table 4.2. Classification of different trickling filter types, as set out by Daigger and Boltz

(2011). n/a = Not Applicable.

Carbon Carbon Oxidising
Roughing Oxidising and Nitrification Nitrification

Parameters Filter Filter Filter Filter

Flow pattern Vertical
flow

Cross flow
or vertical
flow

Cross flow or
vertical flow

Cross flow

Wastewater source Primary
effluent

Primary
effluent

Primary effluent Secondary
effluent

Hydraulic loading
(m3day−1m−2)

52.8–178.2 14.7–88.0 14.7–88.0 35.2–88.0

BOD5 load
(kgm−3day−1)

1.6–3.52 0.32–0.96 0.06–0.24 n/a

NH4
+-N load

(gm−2day−1)
n/a n/a 0.2–0.1 0.5–2.4

Removal efficiency
(%) or effluent
quality (mgL−1)

50–75%
filtered
BOD5

20–30
mgL−1

BOD5

<10 mgL−1

BOD5
<3 mgL−1

NH4
+-N

0.5–3
mgL−1

NH4
+-N

Filter depth (m) 0.9–6.1 ≤12.2 ≤12.2 ≤12.2

to provide preliminary treatment of higher-strength effluents as ‘roughing’ filters)
(Table 4.2).

Nitrification is a two-step process: NH4
+-N is first oxidised to NO2

−-N by
Nitrosomonas bacteria, and then to NO3

−-N by Nitrobacter bacteria. Both types
of nitrifying bacteria are autotrophic. Oxidation of soluble BOD by heterotrophic
bacteria depletes oxygen, and the nitrifiers are unable to compete with these rela-
tively faster growing heterotrophs until soluble BOD concentrations in the liquid
phase are low enough (USEPA, 1991), and for this reason nitrifying trickling filters
often operate in recirculation modes, with each pass reducing BOD until condi-
tions are favourable for nitrification. Organic loading, hydraulic loading, tempera-
ture, pH, dissolved oxygen concentration and filter media all influence the kinetics
of nitrification (USEPA, 2000a).

Trickling filters are designed to remove soluble organic matter, and are not
expected to have high pathogen removal rates. Oakley and Von Sperling (2017)
report maximum removal rates of 1.0 log10 for Salmonella, 0.5 log10 removal of
viruses, 0.8 log10 removal of protozoa cysts/oocysts, and 1.4 log10 removal of E. coli.
The principal removal mechanisms are retention in the biofilm by adsorption, and
sedimentation in the sloughing biofilm.
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Advantages

• Simple, reliable process.
• Suitable in areas where large tracts of land are not available for a treatment

system.
• Effective in treating high concentrations of organics depending on the type

of media used, and flow configuration.
• Appropriate for small- to medium-sized communities.
• High degree of performance reliability at low or stable loadings.
• Ability to handle and recover from shock loads.
• Rapidly reduce soluble BOD5 in applied wastewater.
• Efficient nitrification.
• Low power requirements.
• Requires only a moderate level of skill and technical expertise to manage and

operate the system.

Disadvantages

• Additional treatment may be needed to meet more stringent discharge stan-
dards.

• Regular operator attention needed to check mechanical performance and
manage clogging.

• Relatively low organic loadings required depending on the media.
• Limited flexibility and control in comparison with activated-sludge processes.
• Potential for fly and odour problems.
• Autotrophic bacteria (nitrifiers) are more sensitive to “shock loads” than other

bacteria.
• Predation (i.e. fly larvae, worms, snails) decreases the nitrifying capacity of

the system (USEPA, 2000a) and (USEPA, 2000b).

When earthworms are introduced into trickling filters, they have a number of
effects – not least reducing or eliminating the sloughing of excess biomass. This is
ascribed to the constant browsing of the biofilm by the earthworms, which also
helps to ensure that the media do not clog, reducing maintenance and operational
costs SUEZ (2020) and Liu et al. (2013). Where biofilm does slough from media,
its viscosity and ‘clogging potential’ are reduced through earthworm consumption
and casting (Ye et al., 2018).

The balance between biomass growth and earthworm browsing is key to low or
zero sludge production in vermifilters, and widely reported (for example in (Sinha
et al., 2010)). The central concept behind vermifiltration is that microorganisms
perform biochemical degradation of waste material, while earthworms regulate
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microbial biomass and activity by directly or/and indirectly grazing on microor-
ganisms (Liu et al., 2012). It must therefore be assumed that the lack of sludge
in filtered effluent is an artefact of the balance between solids’ loading, biomass
growth (microbial and earthworm), biofilm browsing and respiration. Over time,
wormcasts can be expected to accumulate within the filter bed, which should lead
to increased bed depth. However, even this may not be observed where biologi-
cal degradation of organic filter media (such as sawdust and woodchips) results in
corresponding reductions in filtration volume. Earthworms are known to browse
the whole filter depth, where conditions (moisture, oxygen, pH etc) are amenable
(Luth, 2011).

Data on long-term field performance of vermifilters are extremely scarce and
tend to be limited to systems where pre-settled and filtered wastewater is applied
to the filter beds. For example, a 500PE lumbrifiltration trickling filter has been
operational in Combaillaux (France) since 2005. This system was established with a
120 cm bed of woodchips, irrigated with wastewater pre-filtered to remove>2 mm
particles. No biomass sloughing has been reported at the outlet, even after fifteen
years of operation. Sludges from filtration of the incoming wastewater are pro-
cessed separately via vermicomposting (Naigeon, 2005). This installation is based
on the Chilean Sistema Tohár in which Sepúlveda (2004) highlights the absence
of sludge in the final effluent, allowing its subsequent disinfection with a simple UV
system.

Within classic trickling filters, the role of the filter media is to provide a surface
on which the biofilm can establish. The greater the surface area available within a
given volume, then (in principle) the greater the area of biofilm and hence treat-
ment efficiency. However, in excessively divided media there is a risk of clogging
through biomass growth or even simple physical adherence between adjacent par-
ticles. Plastic filter media are widely used in trickling filters – since they contain a
higher fraction of voids than mineral media and are less prone to plugging. Their
light weight also allows for construction of deeper filter beds, improving treatment
efficiency within similar footprints (Lekang and Kleppe, 2000). Vermifiltration has
been tested in multiple media – mineral, organic and plastic (see Section 4.3 for
examples). There are few reports of negative impacts of filtration media on earth-
worm mortality, although the surface roughness of media should be considered
when designing systems. Enrique Hernández and Furlong (2017) report increased
mortality in vermifilters using granular activated charcoal – which they ascribe to
the media causing physical damage to Eisenia fetida within their filtration units.

The combinations of different filter media characteristics can lead to very dif-
ferent treatment performance. For organic loads of less than 1 kg BODm−3day−1,
well-designed and operated rock-media trickling filters are capable of providing per-
formance approaching that of synthetic-media trickling filters. However, as organic
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load increases, there is likely to be reduced clogging when synthetic media are used
(Daigger and Boltz, 2011).

Although trickling filter media are normally designed to ensure even distribu-
tion, this may not provide optimal conditions for both earthworm reproduction
and growth. Luth (2011) reports on experimental and full-scale vermifilters treat-
ing diluted pig slurry. At full scale (10 m× 4 m× 0.8 m), larger earthworms were
found in regions with higher accumulations of organic matter, while more earth-
worm cocoons were found in drier areas. To provide varied conditions, operational
changes were made to ensure that part of the filter was irrigated less frequently
than the other. Whether the use of such ‘nursery’ conditions is strictly necessary to
optimise vermifilter performance has not yet been demonstrated.

4.2.2.1 Nutrient removal

Simple sand and peat filters can also deliver excellent solids and BOD reductions
through a combination of physical and biological action. Lourenço and Nunes
(2020) cite up to 96% removal of suspended solids within recirculating sand filters
and peat filters, and up to 93% removal in intermittent sand filters. BOD removals
of up to 99% are also cited for these technologies. Under laboratory conditions
Corley et al. (2006) and Rodgers et al. (2004) demonstrated total COD removals
of 84% and 90% in peat and sand filters (respectively), with almost complete nitri-
fication in both filter types. Denitrification has also been observed by some vermi-
filtration researchers (Taylor et al., 2003), and this raises interesting prospects for
combined nitrification/denitrification vermifilter systems. Dalahmeh et al. (2011)
summarises prior research into the use of simple down-flow ‘mulch’ filters to treat
greywater. TSS, BOD and COD removals of up to 91%, 99.9% and 98% are
cited, respectively – although the authors also note reports of increased COD in
the effluent from some filter media. This tendency (from media such as wood-
chips) is exploited in denitrifying reactors, where the media act both as a biofilm
support and source of dissolved organic carbon – which promotes heterotrophic
denitrifying bacteria (Lopez-Ponnada et al., 2017).

The basic principles of denitrifying woodchip bioreactors are illustrated in
Figures 4.7 and 4.8. A key feature of such reactors is that the woodchips are retained
in a saturated zone, to stimulate and maintain anoxic conditions suitable for opti-
mum denitrification. In theory a vermifilter reactor could be extended downwards
to include a permanently saturated zone beneath the aerobic filter bed. Dissolved
oxygen levels have been shown to increase with depth in experimental vermifiltra-
tion systems (Taylor et al., 2003), and this would need to be managed within the
denitrification zone. Various authors report good nitrogen removal in periodically-
flooded or even unsaturated woodchip filters (for example, Ruane et al., 2012, Car-
ney et al., 2013 and Murnane et al., 2016), suggesting that it might be possible to
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Figure 4.7. Basic design of a storm water treatment swale, in which both nitrification and
denitrification take place in different layers. Adapted from Lopez-Ponnada et al. (2017).
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Figure 4.8. Principles of denitrification in a woodchip bioreactor. DOC = Dissolved
Organic Carbon. Adapted from Lopez-Ponnada et al. (2017).
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successfully design and operate a nitrifying/denitrifying vermifilter without com-
promising other performance aspects. The biochemical mechanisms of denitrifica-
tion are expected to be similar in unsaturated systems to those maintained under
anoxic conditions, although nitrogen removal may not be quite so consistent.

The type and size of the woodchips, hydraulic loading rate, and intervals between
wetting have been shown to affect the hydrolysis rate of lignocellulosic substrates,
which then influences the amount and bioavailability of dissolved organic carbon
required for denitrification. Maintenance of saturated conditions during non-
operational periods is also a critical design aspect that controls the overall perfor-
mance. Higher NO3

−-N removal and longer woodchip media longevity is expected
from these designs compared with bioreactors that are designed to be unsaturated
except during operation (Lopez-Ponnada et al., 2017). Commercial decentralised
denitrification systems using these principles are available.

In addition to its roles as biofilm carrier and potential carbon source for denitrifi-
cation, filter media can also be used to remove dissolved and particulate phosphorus
from wastewater. The phosphorus-adsorption capabilities of many different media
have been trialled in a range of applications relevant for decentralised wastewater
treatment. Vohla et al. (2011) summarise data on different filter media used for
phosphorus removal in constructed wetlands, while (Pratt et al., 2012) consider
standalone reactive filters.

In most cases, phosphorus is bound to the filter media through adsorption
and precipitation reactions with calcium (Ca), aluminium (Al) and iron (Fe),
although biological uptake can also be significant in planted filter systems or those
where biofilms establish (Vohla et al., 2011). Although very effective adsorbents,
pH correction of the treated effluent may be needed – particularly when indus-
trial waste materials such as blast furnace slag are used (Table 4.3). In addition
to the media listed in Table 4.3, researchers have examined the performance of
many others, including: bauxite (Altundoğan and Tümen, 2002), dolomite (Karaca
et al., 2004), peat (Kõiv et al., 2009), zeolite (Sakadevan and Bavor, 1998), iron
ore (Grüneberg and Kern, 2001) and lightweight expanded clay aggregate (leca)
(Öövel et al., 2007).

Units for phosphorus removal are normally downstream of primary and/or sec-
ondary treatment units, to ensure that suspended solids are removed and don’t blind
the filter media (Hedström, 2006). Hedström (2006) summarises experiences in
Norway with single household P removal filter beds. These typically contain 40 m3

of reactive filter media and are expected to last up to 15 years, before the filter media
require replacement (Figure 4.9). P removal rates of 90% can be expected through
these simple downflow reactors. Compact upflow reactors are also available, but
require more frequent media replacement (as frequently as every year). Establishing



154 Primary and Secondary Treatment: Vermifiltration

Table 4.3. Phosphorus and phosphate removal performance for a number of natural and

artificial media in full-scale constructed wetlands (or trickling filters), as summarised by

Vohla et al. (2011).

Substrates Descriptions P Removal pH of Outflow

Gravel Dairy farm wastewater;
Mean influent
concentration 15 mg P
L−1; sampled over 5
years; HLR 21.4–71.7
mm d−1; HRT
1.95–6.54 d

Total P removal
184–296 gm−2

–

Gravel Vertical sub-surface
flow wetland; HLR 3
m3 d−1

PO4
3−-P removal

efficiency: 4.33%
–

Sand Horizontal sub-surface
flow sand filter; 5
years;
HLR 1.0–6.3 m3 d−1

Total P removal
efficiency: 78.4%

–

Fly ash Eutrophic river water
treatment through a
three-stage filter (one
stage filled with fly
ash); HLR 60 m3d−1;
sampled over 14 weeks

Total P removal
efficiency: up to 83%

–

Blast furnace slag Trickling filters;
wastewater flow of
∼60 m3d−1; sampled
over seven months

Total P removal
efficiency: up to 99%

Up to 11.52

Influent

Sludge separation unit Pump well Pre-treatment Reactive filter

Effluent

Figure 4.9. Outline of decentralised wastewater treatment system with reactive filter
(for P removal). Adapted from Hedström (2006).

vegetation in the top layer of downflow filters is common, to improve their amenity
value – and increase phosphorus removal.

A key point in P removal (unlike nitrogen removal), is that the adsorption reac-
tions that remove phosphorus from the liquid phase will eventually exhaust all
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available adsorption sites – allowing breakthrough of phosphorus. The media there-
fore need to be periodically replaced.

4.3 Commercial Vermifiltration Systems

Vermifiltration has been successfully demonstrated at experimental scale in many
countries, including: Burkina Faso (Adugna et al., 2014); India (Arora and
Kazmi, 2015); Jordan (Dalahmeh et al., 2011); China (Liu et al., 2012); Portugal
(Lourenço and Nunes, 2017); Zimbabwe (Manyuchi et al., 2013); Australia (Sinha
et al., 2008). The technology has also been deployed commercially – particularly in
Latin America, India and Australasia – to treat blackwater, greywater and industrial
effluents. These commercial systems tend to fall into two broad categories:

1. Primary. Those capable of processing whole wastewater (Figure 4.10).
These also generate vermicastings requiring periodic removal and the
treated effluent is usually disposed to ground – either via constructed
drainage/transpiration fields or (in the case of Tiger Toilets) directly into the
soil surrounding the constructed filter pit. These systems are used in Africa,
Asia and Australasia; and

2. Secondary. Those that require preliminary filtration or clarification of
wastewater before vermifiltration (Figure 4.11). Such systems are commonly

VF
VF

Black and/or greywater

Effluent dispersed 
into ground via 
drainage field

Effluent 
dispersed into 

ground

Blackwater

Vermicastings
Vermicastings

Figure 4.10. Primary vermifilters (denoted by VF). [L] A typical Australasian system; [R]
A Tiger Toilet.
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Figure 4.11. Secondary vermifilters. Illustration based on typical Sistema Tohá implemen-
tation.

derived from the Chilean Sistema Tohár. Primary sludges may be processed
by vermicomposting, but the vermifilter itself produces little or no sludge.
The treated wastewater may be suitable for reuse in irrigation following a
final disinfection step. These systems are used in Latin America and Europe.

A number of commercial vermifiltration systems have been identified (Table
4.4), and are described in the following sections.

4.3.1 Primary Vermifilters

4.3.1.1 Biofil

The Biofil digester can be used with households’ existing toilet systems or it can
be purchased as an integrated toilet-digester system. Wastewater and faeces enter at
the top of the unit and are deposited on the vermibed – a layer of organic mate-
rials (such as fine woodchips) that provides the earthworm habitat. Liquids perco-
late down through this layer and through a porous concrete filter, both of which
retain solids. The solids are degraded by bacteria and earthworms, while liquids
soak away directly into surrounding soil (Figure 4.12). The basic digester (600
mm× 600 mm× 1800 mm) can accommodate 25 users in the micro-flush setting
and 10 users when operated as a flush unit (Stichting Waterputten voor Kwasiakan,
2017). This system is very similar to the Tiger Toilet, described in the next section.

In a 2016 study, Amoah et al. (2016) sampled effluent from a number of installed
units, and tested against the Ghanaian Environmental Protection Agency (EPA)
standards. Results are summarised in Table 4.5, and while non-compliant, the
authors suggested that the units were overloaded – although still reducing incoming
loads significantly (Amoah et al., 2016).
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Table 4.4. Commercial vermifiltration systems from various countries.

Companies Countries Types

Wastewater Wizard* UK (Scotland) Primary

Biofil Ghana Primary

Biolytix New Zealand Primary

NaturalFlow New Zealand Primary

Autoflow New Zealand Primary

Simple Waste Water Solutions* New Zealand Primary

Wormsmart Australia, New Zealand and
India

Primary

Worm Farm Waste Systems Australia Primary

Zenplumb Australia Primary

Aqua Clarus* Australia Primary

CPlantae Mexico Primary

Biofiltro Chile, Perú, USA and New
Zealand

Secondary

Sistema Tohár Chile, Bolivia, Ecuador, India
and Mexico

Secondary

Transplast Chile Secondary

Solsan* Chile Secondary

LombriTek association France Secondary

Organic Solutions India Secondary

TBF Environmental Solutions India Primary & Secondary

Transchem Agritech India Primary & Secondary

*Due to lack of available design or performance information, these systems are not described in this chapter.

4.3.1.2 Tiger toilet

This system is supplied to the Indian market by TBF Environmental Solutions Pvt
Ltd (see Section 4.3.3.1). It combines a flushing WC with a small vermifilter and
is based on research previously undertaken to provide sanitation solutions to the
humanitarian sector. The vermifilter can either be constructed in situ with local
materials as a replacement for a conventional pit latrine, or supplied within a plas-
tic reactor unit that can be placed within a pit. Within the reactor, incoming solids
accumulate on the surface of the bedding material – where they are subsequently
consumed by the earthworms. Liquids drain through gravel layers, where micro-
biological treatment takes place as described in previous sections. Partially treated
effluent is discharged into surrounding soil.
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Table 4.5. Performance of biofil digester units (n = 108). From Amoah et al. (2016).

Range Mean ± Ghana
Parameters (Median) Standard Error EPA Standards

BOD (mg L−1) 10.0–984 (144) 219 ± 20.0 50

TSS (mg L−1) 12.0–3440 (254) 500 ± 55.0 50

NH4
+-N (mg L−1) 2.0–368 (109) 117 ± 5.9 1

PO4
3−-P (mg L−1) 0.2–36.1 (5.8) 8.9 ± 0.8 2

E. coli (CFU 100
mL−1)

0.0 – 1.0 × 108 (1.0 × 107) 1.7 × 107
± 1.8 × 107 1 × 101

Blackw
ater

Concrete blockFaecal material Vermibed

Wire mesh

Porous concrete filter

Effluent to drainage field 
(where blackwater from full 
flush toilet (9 – 12L))

Effluent to subsoil (where blackwater from micro flush toilet (<1L))

Ventilation pipe

Figure 4.12. Cross-section through Biofil vermifilter unit, adapted from Amoah et al.
(2016).

The design and performance of different Tiger Toilet configurations are
described in the literature, with examples presented in Figures 4.13 and 4.14.

Ten in-field prototypes were constructed in brick, as illustrated in Figure 4.13.
The bedding layer consisted of 10 cm of compost while the drainage layer was made
of graded aggregate (60 cm) below an uppermost layer of sand. The vermifilters had
a diameter of 1.2 m by 1.25 m deep and were set in the ground. This was connected
to a separate pour flush squat pan via an inspection chamber. The worm density was
2 kg/m2 (Furlong et al., 2014). COD reduction in these units (influent vs effluent)
was 57% (n= 10) (Furlong et al., 2016). COD removals in 18 smaller experimen-
tal containerised units were estimated at 89–94% (Furlong, 2018). The internal
diameter of these reactors was 400 mm, with a height of 800 mm. Under the rim
of the lids a row of 1 mm holes were drilled at 20 mm intervals to allow for airflow
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Figure 4.13. Tiger toilet constructed in situ. Adapted from Furlong et al. (2017).

Compost (10cm)

Gravel layers (30cm)

Sludge layer

Internal baffle

Figure 4.14. Experimental vermifilter, showing internal baffle to prevent bed smothering.
Adapted from Furlong (2018).

(Furlong, 2018). In these smaller units it was necessary to incorporate a baffle to
prevent smothering of the whole bed surface with faecal material; this would have
compromised passive air flow through the filter beds (Figure 4.14).

4.3.1.3 Biolytix

The Biolytix BioPod system treats incoming domestic wastewater from a single
household through a layered vermifilter. Plastic filter media are used in all treat-
ment layers, but two layers additionally include ‘coco peat’, to increase the surface
area of the treatment process and to retain moisture. The filtration media together
occupy more than 2 m3 of the reactor volume, with each discrete layer separate
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Figure 4.15. Cross-section diagram of Biolytix BF6 system, adapted from Biolytix (2015).

by plastic filter screens with a 3 mm aperture size. The filter bed is separated from
the underdrain by a geotextile filter layer with a nominal pore size of 80 µm. The
underdrain is filled with plastic media to 400 mm depth (Figure 4.15), giving a
total bed depth of 1050 mm. An air pump is used to provide additional air to the
bed at the rate of 350 L per hour.

During commissioning, the filter is inoculated with a kilogram of tiger worms
(Eisenia fetida), which then populate the whole filter bed. Treated effluent is
pumped from the sump to a disposal/drainage field.

Indicated maximum loadings of the system are:

• Flow rate: 1600 L per day
• BOD5 load of 700 g per day
• SS load of 700 g per day

Effluent quality at the point of discharge to the drainage field:

• BOD5 <20 mgL−1

• Suspended solids <30 mgL−1

Information from Biolytix (2015).
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Black water flow from 
toilet and kitchen 

Grey water flow from 
laundry, baths, showers 

and hand basins 

Vermifilter unit 

Constructed wetland Outflow to 
drainage field 

Figure 4.16. NaturalFlow and Autoflow treatment approach. Adapted from Waterflow
(2019).

4.3.1.4 Autoflow and NaturalFlow

In both of these systems, separate black and grey water are treated from single house-
holds. Only the blackwater (which combines flow from the household kitchen and
toilets) is passed into a vermifilter, where Tiger worms consume the solid mate-
rial trapped within a filter medium. Bark and a mix of soil with straw are used in
the NaturalFlow and Autoflow systems, respectively. The partially treated vermifil-
trate is then combined with the greywater flow ahead of treatment in a constructed
wetland (Figure 4.16). Gradual accumulation of worm casts is expected in both
vermifiltration systems, which will require removal at intervals of around five years.

Following treatment in the combined vermifiltration/constructed wetland sys-
tem, a discharge quality of 20 mgL−1 (BOD5) and 30 mgL−1 (TSS) is achieved
prior to disposal in a drainage field.

4.3.1.5 Worm Farm and Zenplumb

Worm Farm and Zenplumb are both single chamber solutions, marketed as domes-
tic ‘septic’ system alternatives. Worm Farm also design bespoke systems for larger
applications, such as schools, hotels and other businesses. The domestic units from
both companies are designed to accept combined black and greywater flows, and
may also incorporate entry points for direct introduction of other organic matter
(such as kitchen scraps) (Figure 4.17). Treated effluent flows through the filter and
is either gravity fed or pumped to transpiration/drainage fields. No performance
data could be identified for either of these systems (Baumgartner, 2013).

4.3.1.6 CPlantae and WormSmart

In the CPlantae system from Mexico, black and/or greywater is treated via a vermi-
filter and constructed wetland. The system is targeted at both domestic and business
users, based on a standard vermifiltration module that has an internal volume of
1.2 m3, partially filled with ‘organic substrate’ (0.5 m3) and expanded polystyrene
(0.25 m3) (Figure 4.18). Aeration is maintained with a solar driven fan. At start-up
the unit is inoculated with 1 kg (fresh weight) of earthworms.
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Figure 4.17. Worm Farm system, adapted from A&A Worm Farm Waste Systems (2020).
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Figure 4.18. CPlantae ‘WormPod’, adapted from CPlantae (2017).
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Retained solids are converted to vermicompost, while effluent passes through
the filter bed prior to discharge. Total liquid retention time within the vermifilter
is minimal (minutes), and it appears that the majority of treatment is performed
within the receiving constructed wetland. Users are required to agitate the compost-
ing media once per month during the first six months of operation – after which no
further intervention is required, other than removal of accumulated vermicompost
at three yearly intervals. It is claimed that treated water complies with local NOM-
001-SEMARNAT-2017 requirements after the initial six month acclimation phase
(CPlantae, 2017).

The WormSmart solution from New Zealand is similar, although the partially
treated effluent passes from the vermifilter and into a second (foam-filled) physical
filter unit before discharge to a drainage or irrigation field. Various configurations
are supplied without the secondary filtration phase, but under tests with domestic
wastewater, final effluent from a combined system achieved a BOD5 of <20 g/m3

and TSS of <30g/m3 (Worm Smart, 2018).

4.3.2 Secondary Vermifilters

4.3.2.1 Sistema Tohár

Biofiltro, Lombritek and Sistema Tohár systems have common origins in research
undertaken at the University of Chile (Santiago), and all use similar design and
operating principles. Sistema Tohár and Lombritek take a bespoke approach
to wastewater treatment, while Biofiltro also offer modular systems. In all cases,
wastewater is first filtered and/or settled to remove suspended solids>2 mm. Clar-
ified wastewater is then irrigated onto a bed that may contain combinations of
woodchips, wood shavings, sawdust and bark, within which the earthworm popu-
lation is established. The effluent then trickles down over gravel and/or rock layers
where it is further treated within an established microbial biofilm. The systems are
passively aerated, and final effluent from Tohá systems is sufficiently treated to be
passed through UV prior to discharge, allowing its use in a number of irrigation
applications.

4.3.2.2 Biofiltro

The Biodynamic Aerobic (BIDAr) System is sold in a number of containerised
configurations to treat different flow and loads in a variety of sectors (domestic
wastewater, dairy wastewater, food and beverage industry effluents) (Table 4.6).
All systems operate by spraying or trickling settled and filtered wastewater onto a
bed of wood shavings inoculated with Eisenia fetida at densities of up to 12,000
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Sawdust
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Outlet to discharge

Figure 4.19. Sistema Tohar. Adapted from Sepúlveda (2004).

Table 4.6. Claimed performance characteristics for the BIDAr system in different sec-

tors. From Dore et al. (2019).

Sectors Design Flow (m3day−1) BOD Removal (%) TSS Removal (%)

Dairy 168 52 85

Food 271 87 85

Municipal 13.7 95 93

Slaughterhouses 0.54 91 86

Wine 19.4 90 91

individuals per m3. The vermifiltration bed is supported on a gravel layer, beneath
which filtered effluent is captured in an underdrain. Final effluent can be discharged
to irrigation fields or further treated before reuse, depending on local regulatory and
customer requirements.

The systems are supplied with monitoring software, allowing remote user access
to basic operational and troubleshooting functions. The software also logs water
usage and influent and effluent water quality data.

All configurations are shipped in standard 6.06 m (20′) long containers, but their
treatment capacity varies according to filter bed size and configuration within the
container. For example, the “Wiggle Room” configuration comprises two separate
(but stacked) vermifilter layers, which can be run in single pass (the layers operate
in parallel) or double-pass (the layers operate in series) (Figure 4.20).
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Inlet from pump
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Outlet to discharge

Figure 4.20. Biofiltro Wiggle Room treatment system, showing stacked containerised
filters and separate control/pumping unit. Adapted from Biofiltro (2020b).

Influent concentrations can vary from 200 to 35,000 mgL−1 (BOD) and 0 to
2,000 mgL−1 (TSS), with a maximum daily flow of 5.5 m3. In single-pass mode
>90% BOD removal is claimed within four hours – with >99% BOD removal
claimed when the system operates in double-pass mode. Roughly 10 m3 of ‘worm
castings’ are generated every 18 months, requiring removal for separate use (which
could include direct land application, depending on local regulatory requirements).

Filter bed dimensions are constrained within these modular units, and flow rates
are dictated by influent strength and treatment requirements. For example, the
“Can of Worms” unit is stated to remove up to 99% BOD5 under daily flows
of around 1 m3 per day when influent BOD5 is up to 6,000 mgL−1. The same
removal can be delivered at a flow of around 5 m3 per day when influent BOD5 is up
to 1,000 mgL−1 (Biofiltro, 2020a). In common with other technology providers,
Biofiltro offer bespoke design for applications that are outside the scope of their
modular units.

4.3.2.3 Lombritek association

This French enterprise designs and installs bespoke vermifiltration units for use
at community scale. The 500PE system at Combaillaux has been operating since
2005. Screened and settled wastewater is irrigated onto the 12 m diameter filter
bed which comprise a 10 cm pine bark layer (a mixture of woodchips, pine sawdust
and bark – in which Eisenia andrei are cultivated) over a 120 cm mixture layer of
woodchips. The organic layers sit atop a 10 cm deep gravel drainage bed (20 to
30 mm particle size) (Figure 4.21) (Gautier, 2007). The unit is designed to treated
clarified domestic wastewater – the primary sludges being partially de-watered and
removed for vermi-composting off site.

BOD5 removal rates of between 94 and 97% were achieved during initial
trial and demonstration phases, and the mandated final effluent quality in this
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Figure 4.21. Cross-sectional representation of the vermifilter at Combaillaux, adapted
from Naigeon (2005).

application was consistently achieved, allowing discharge into local surface waters
(Naigeon, 2005):

• 25 mgL−1 (BOD5);
• 125 mgL−1 or 75% removal (COD); and
• 35 mgL−1 or 90% removal (TSS)

4.3.2.4 Transplast

This company supplies modular vermifiltration units that are sized for loads of
between 6 and 24PE. The volume of these units varies from 1,500 to 6,000 L
accordingly. The filtration principles within the modules are those described for
Sistema Tohár, above – and the units can be installed above or (partially) below
ground. BOD and TSS removals of 95% are claimed. This system uses sodium
hypochlorite dosing modules to disinfect the effluent, allowing its use in irrigation
(Infraplast, 2011).

4.3.2.5 Organic solutions

Supplying the market in India, this enterprise designs and installs modular and
bespoke vermifiltration units, treating flows of municipal wastewater and indus-
trial effluents of between 10 and 2,000 m3 per day. Filter bed design and irrigation
approaches are similar to those noted in other secondary vermifiltration systems,
treating wastewater that has first been settled to remove ‘large’ solids. In addition
to earthworms, the filter bed is inoculated at start-up with enzymes and microor-
ganisms. Final effluent quality of BOD5 <10 mgL−1, TSS <20 mgL−1, COD
<50 mgL−1 and Faecal Coliforms <100 MPN per 100 mL are claimed (Organic
Solutions, 2019).

4.3.3 Combined Primary and Secondary Vermifilters

Few commercial suppliers offer combined primary and secondary vermifiltration
systems capable of accepting screened wastewater (from which larger physical con-
taminants and grit have been removed) and delivering sufficient treatment for the
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Figure 4.22. Basic overview of TBF Environmental system. Adapted from TBF Environ-
mental Solutions (2018).

final effluent to be discharged to surface water or re-used for irrigation purposes.
A single-pass reactor of this kind would offer an alternative to small package plants
as well as combined septic tank/drainage field configurations – and it is this niche
that the INNOQUA Lumbrifilter units have (in part) been developed to exploit.
Of the suppliers that have been identified, two offering bespoke vermifiltration
solutions to customers in India are examined here.

4.3.3.1 TBF Environmental Solutions Pvt Ltd

The Tiger Biofilter sewage treatment plant (STP) is modular but scalable, and can
be installed for wastewater volumes ranging from 1,500 to 500,000 L per day.
Sewage is first settled to remove grit, before being distributed to vermifiltration
beds where solids are retained and converted into vermicompost. Drained effluent
may then pass on to secondary vermifiltration or tertiary treatment and disinfec-
tion, depending on wastewater flows, loads and intended end uses (Figure 4.22).

4.3.3.2 Transchem Agritech

No design information is provided by this company, which has implemented
solutions for a number of industrial clients in India, and which states that no
solids’ removal is required prior to treatment. Claimed performances are listed in
Table 4.7.

Table 4.7. Claimed performance for some municipal

wastewater characteristics. From Transchem Agritech

(2018).

Parameters Influents Effluents

COD (mgL−1) 200–400 <20

BOD (mgL−1) 100–200 <5

Turbidity (NTU) 40–100 Nil
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4.4 INNOQUA Lumbrifilter Implementation

The INNOQUA project aimed to demonstrate the utility of a suite of nature-
based wastewater treatment solutions suitable for application in a number of decen-
tralised scenarios. In all cases the development of these solutions began with con-
cepts that were tested at laboratory scale before the installation of pilot facili-
ties at operational (municipal) wastewater treatment works in Ireland and Spain.
Experience from laboratory and pilot scale experiments informed the subsequent
installation of ten demonstration facilities around the world. Introduced in Chap-
ter 1, these were designed to demonstrate system performance under real envi-
ronmental and operational conditions over a period of months. Operation of
the pilot facilities continued through the demonstration phase, and while results
from these units are not reported here they are available in published project
reports.

Woodchip layer

Gravel layer

Wastewater 
inlet

Splash plate
distributor

Ventilation pipe

Outlet

Separator 
platform

Access hatch

Figure 4.23. Cross-section of simplified INNOQUA lumbrifilter, illustrating the main com-
ponents (left) and lumbrifilter as installed in a domestic basement in Italy (right). Photo
courtesy of Pietro De Cinque.

Vermifilters (referred to as ‘Lumbrifilters’ within INNOQUA) were installed at
all ten of the demonstration sites, and although site-specific requirements were
accommodated through the use of different filter media, different earthworm
species, different reactor sizes and different dosing regimes – all follow the same
basic design, as set out in Figure 4.23. The demonstration sites are shown in
Figures 4.25 and 4.26.
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Since wastewater can change in concentration from site to site and regulations
vary between geographies, sizing of the installed demonstration units was based on
one or more of several parameters that included: hydraulic load, organic carbon
load (COD or BOD5), suspended solids load or ammonium load. For example, it
may not be possible to achieve the desired hydraulic load as doing so may overload
the system and compromise organic carbon or ammonium removal. Some of the
key considerations include:

(i) Solids load, which should be matched to the capacity of the earthworms
within the system to process solid matter and thus avoid clogging;

(ii) Hydraulic load, which should ensure sufficient residence time for biological
removal of soluble contaminants such as organic carbon;

(iii) Where discharge limits require low concentrations of ammonium (e.g.
<1 mg NH+4 -N/L) ammonium may be the limiting factor in designing
the system; and

(iv) The system should have capacity to adapt to higher loads for at least short
periods of time.

In the design of the systems at the INNOQUA demonstration sites all of the
above considerations formed part of the decision-making process. Key design load-
ing ranges for the Lumbrifilter are shown in Table 4.8. Exact loads depended on
the regulatory requirements, expected earthworm density, temperature and the rel-
ative concentrations of various parameters (e.g. carbon and nitrogen) at each site.
At some of the demonstration sites the ranges were purposefully or accidentally
exceeded for short periods – for stress testing the system or due to unexpected
influent flows, or where on-site conditions indicated that additional loading would
be acceptable.

The wastewater distribution system was modified during site testing
(Figure 4.24). The original perforated pipe system proved susceptible to fouling and

Table 4.8. Typical flow and loading rates to the Lum-

brifilter. The depth of the organic layer was typically

1.0 m.

Flow (L/m3 active layer per day) 300–600

BOD5 (g BOD5/m3 active layer per day) 120–240

COD (g COD/m3 active layer per day) 240–480

TSS (g TSS/m3 active layer per day) 140–280

TKN (g N/m3 active layer per day) 30–60

TP (g P/m3 active layer per day) 8–16
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A

C

B

Figure 4.24. Internal views of INNOQUA lumbrifilter – showing evolution of the wastewa-
ter dosing mechanism through the project. [A] Perforated pipe; [B] Splash plate and [C]
Full cone spray nozzle. Images courtesy of Costel Bumbac (A and C) and EKODENGE (B).
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was replaced with a splash plate distribution system. In all cases an ‘active’ wood-
chip layer of 1 m depth was used – with the exception of the facility in Ecuador,
where site constraints led to the use of a 0.75 cm deep active layer. Selected design
parameters and key performance indicators for the ten demonstration facilities are
presented in Table 4.9. Section 4.4.1 provides site-specific feedback on the Lum-
brifilter, while key ‘lessons learned’ are set out in Section 4.4.2.

4.4.1 INNOQUA Lumbrifilter Performance

Selected design and performance characteristics for all ten demonstration Lumbri-
filter units are presented in Table 4.9. The following sections provide brief site-
specific observations on system performance.

4.4.1.1 Italy

Excellent removals of BOD and TSS were consistently observed, with values aver-
aging around 95%. An increase of the COD removal rate was observed during the
first four months of operation, stabilising at around 95%. Although the system is
not specifically designed to remove TN and TP, removals averaged 74% and 27%,
respectively.

4.4.1.2 Ireland

Good removals for BOD (61.9%), COD (59.4%) and TSS (74.9%) were observed.
A key driver for trialling the technology on this site was to explore whether the
Lumbrifilter could deliver denitrification to reduce return nitrogen loadings to land
on a dairy farm, and this was indeed observed (with average removal of 62.3%
for TN). Although the system was not designed for phosphorus removal, 33.4%
removal was observed. Some variability was noted in system performance over time
but this was ascribed to variations in influent quality due to the farmer using varying
amounts of water to wash down the milking parlour.

4.4.1.3 France

Very good average removal rates for BOD (89.9%), COD (69.4%) and TSS
(76.5%) were observed – and consistent over the first six months of operation.
At this point a septic tank was installed upstream of the pumping chamber (from
which the Lumbrifilter was dosed) to explore the impacts of primary settlement
on system performance. This reduced the loads to the Lumbrifilter, with treated
effluent quality remaining consistent throughout.

4.4.1.4 Scotland

Variable removal rates were observed for TSS, BOD, COD and TN, possibly
related to numerous operational issues encountered during the demonstration
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Figure 4.25. INNOQUA demonstration sites in (clockwise from A): Ecuador, France, Ire-
land, India and Ecuador. Images courtesy of Nicolas Salmon (A and E); Jean-Baptiste
Dussaussois (B); NUIG (C) and Tatjana Schellenberg (D).

phase. Influent concentrations and ambient temperatures were low during the ini-
tial stages, affecting the removal rates. The dosing pump fouled several times due to
sanitary products and grease in the settlement chamber, while sediment also accu-
mulated in the sampling chamber installed at the Lumbrifilter outlet, impacting on
sample quality.
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Figure 4.26. INNOQUA demonstration sites in (clockwise from A): Peru, Tanzania, Scot-
land, Turkey and Romania. Images courtesy of Nicolas Salmon (A); Evelyn Herrera and
Gervaz Lushaju (B); Scottish Water (C); EKODENGE (D) and Costel Bumbac (E).

4.4.1.5 Turkey

System performance at this site was severely impacted by under-loading, due to
much lower than expected occupancy of the dwellings providing wastewater for
the facility. Provision was made to tanker wastewater from a centralised treatment
works to the site during the latter few weeks of the demonstration phase, following
which performance improved for some characteristics.
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4.4.1.6 Romania

TSS and BOD removal rates were relatively stable over six months of operation, and
then started to drop following a change in influent quality, reflecting a change in use
in the building providing the wastewater – and occasional unauthorized discharges
of paint into the system. However, in terms of mass removal, performance doubled
from an average of 406 g BOD5 removed/day to an average of 811 g of BOD5
removed/day over time. Removal rates were variable for COD, TP and TN – and
as the system was operated at loading rates close to or above the recommended
maximum loading rates, any change in the influent quality could be expected to
affect removal efficiencies.

4.4.1.7 Ecuador

The Lumbrifilter at this site was designed with a shallower filter layer than other
units, as an adaptation to physical restrictions on site. Removal of TSS, BOD and
COD was extremely variable from day to day, possibly due to variations in influ-
ent quality. Performance improved following the implementation of regular surface
raking and inoculation with additional earthworms. To better accommodate site
flow and load, the Daphniafilter at this site was converted for use as a secondary
Lumbrifilter prior to the conclusion of the INNOQUA project.

4.4.1.8 Tanzania

The Lumbrifilter delivered good average removal for COD (67.7%) despite very
significant operational challenges at this site. Hydraulic loadings were initially three
times higher than the maximum design capacity, due to inaccurate manual dos-
ing. Outflow was also restricted due to the use of an inline flow meter (subse-
quently removed), which combined with over-dosing to cause the unit to flood
and kill the earthworms. The flooding resulted in raw wastewater discharge into
the surrounding compound, creating significant local opposition to the continua-
tion of the study. These issues were addressed by moving the Lumbrifilter within the
compound and engaging in intensive liaison with local community representatives.
Relocation provided useful opportunities to replace the coconut husk filter media
with imported mango woodchips (delivering a final effluent colour that was accept-
able to the local community) and to re-inoculate the system with local earthworms
(Eudrilus eugeniae).

4.4.1.9 India

Removal rates for TSS, BOD and COD averaged 87.7, 75.5 and 76.6% respec-
tively, over the demonstration phase. This level of performance was consistently
delivered despite numerous operational challenges and deliberate interventions at
this site. High ambient temperatures combined with an excessively free-draining
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filter medium (coconut husk chips), causing the initial earthworm population to
fail within the first two months of operation. To increase retention time, a coconut
fibre layer was added at 20 cm depth and a proportion of small coconut chips mixed
into the media above this. Furthermore, while the system was originally intended
to treat settled wastewater, it was operated with whole wastewater from the sec-
ond month onwards to understand whether production of primary (faecal) sludge
could be avoided. In order to prevent fouling under this arrangement, the dosing
system was swapped for a simple splash plate. These changes led to an increase in
loading rates for all tested parameters and also resulted in a more variable influent
(for example, TSS ranged from 1170 mg/L to 4015 mg/L). The filter surface was
prone to clogging under the higher loads, but this was successfully addressed by
decreasing the dosing frequency.

4.4.1.10 Peru

Although an average BOD removal of 68.5% is reported for this site it should be
noted that samples were collected from a retention tank located after the Lumbri-
filter, where effluent could reside for up to 30 hours before being pumped forward
to the next treatment stage. Due to difficulties sourcing woodchips on this site,
wood shavings were used instead – and found to be extremely prone to compaction.
This was partially mitigated through addition of coconut chips, but poor drainage
remained problematic and will undoubtedly have impacted on system performance.
An inline filter before the dosing pump was prone to fouling, and this resulted in
gradual decreases in the volumes dosed at each interval following cleaning – leading
to lower than expected moisture concentrations within the top layers of the filter,
which resulted in downward earthworm migration and reduced treatment perfor-
mance. Earthworm viability was also impacted by an influent ammonium peak of
1700 mg N/L, corresponding to laboratory residues flushed into the influent. The
configuration of the dosing pump was subsequently changed, and the unit inocu-
lated with additional earthworms.

4.4.2 Lessons Learned

At each stage of Lumbrifilter implementation, observations were logged by the
demonstration site managers. These observations were reflected in system and oper-
ational upgrades across the demonstration network and provide a resource for oth-
ers developing or implementing vermifiltration solutions.

4.4.2.1 Preparatory works

• The Lumbrifilter is (principally) sized by surface filter area according to the
anticipated flow and pollutant load, based on a standard active layer depth.
It is essential that initial wastewater characterisation is as representative of
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operational flows and loads as possible to minimise potential for over or
under-loading

• Where wastewater flows are combined (rainwater/surface water with wastew-
ater) checks should be made to determine whether the wastewater flow can
be isolated. This will minimise the required filter size

• Where the system is relying on an electrical pump for dosing, then a robust
electrical supply will be required. An appropriately rated solar panel may suf-
fice, but theft protection measures may be required

• An acclimation period is required before a vermifilter achieves its maximum
treatment efficiency, and it may be necessary to provide for alternative safe
disposal of (partially) treated wastewater during this period

4.4.2.2 Filter media and earthworms

• Different woody media may be used, including hardwood and softwood
chips, as well as coconut husk chips. Wood shavings and some coconut shell
chips are not recommended, as they were found to be prone to clogging

• Where possible, media should be washed before use, to remove surface grit
and other debris that might otherwise clog the filter

• Since the woody media can influence the colour of the treated wastewater
(for example, through leaching of tannins), this can influence system accept-
ability to some local communities. Different media could be trialled in such
situations, in combination with a local outreach programme to explain the
functioning of the system

• Eisenia fetida, Eisenia andrei, Dendrobaena veneta and Eudrilus eugeniae were
all found to be suitable for vermifiltration

• Suitable earthworm species may be available locally from vermicomposting
or fishing bait suppliers

• Where it is not possible to source sufficient earthworms locally, then it may be
necessary to implement a breeding programme. Starter cultures might have
to be imported – potentially incurring veterinary or other checks and taxes
or other tariffs

• Where sourced commercially, earthworms may be supplied in carrier media
that are incompatible with the vermifilter – and which might cause clogging
if introduced into the filter with the earthworms. Earthworms should be sep-
arated from fine solids before inoculation of the filter

4.4.2.3 System start-up and acclimation

• Once all filter layers are in place, the designated wastewater dosing regime
should be run for one or two weeks prior to the introduction of earthworms.
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This is essential for wetting the filter layers and stimulating biofilm develop-
ment to create a favourable habitat for the earthworms

• Assuming a woody media bed of one metre depth, earthworms should be
added at a rate of around 3,000 to 5,000 individuals per square metre of filter
surface area. Ideally this population should comprise a mix of size classes as
well as cocoons

• Stable operation can be expected after an interval of between 20 and 60 days
following inoculation with earthworms

4.4.2.4 System operation and optimisation

• Rags and other solid waste must be screened from the incoming wastewater,
or excluded from the collection system

• Dribble bar irrigation is extremely prone to clogging – both from suspended
solids entrained in the wastewater flow and as a result of biofilm growth.
Screened and settled/clarified water can be distributed via spray nozzles under
pressure, but a simple splash-plate distributor was found to be adequate on
the majority of demonstration sites

• Where dosed by pumping (as distinct from gravity flow), the sizing and design
of the pump chamber, as well as the location of the pump within the chamber
must be carefully considered to ensure that settled sludges do not impede
pump flow and/or lead to blinding of the filter surface

• Where sludge accumulation is noted in balancing tanks/pumping chambers,
then this should be periodically removed to prevent pump fouling or filter
blockages

4.4.2.5 Routine maintenance

• At several demonstration sites, the filter surface was agitated at weekly or
fortnightly intervals (by manual raking) to ensure good percolation. Whether
this approach is required at a specific site must be determined by observation
during initial system monitoring

• Periodic topping-up of the woody media layer will be required. The inter-
val for this will vary depending on the type of substrate and local operating
conditions, with intervals of between two and five months noted across the
INNOQUA demonstration sites

• Marking the internal tank surface with depth indicators allows simple iden-
tification of the need to replenish woody biomass during routine inspections

4.4.2.6 Other observations

• Where influent flows are periodic (for example, due to interruptions in
electricity supply or occupation patterns in the wastewater catchment) it is
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important that the filter is kept in a moist condition to maximise earthworm
viability

• Where ambient temperatures exceed the optimum for earthworm viabil-
ity, periodic dosing can perform an essential cooling function. Although
the woody biomass layer needs to have good percolation properties, exces-
sively free-draining material can rapidly dry out after dosing, impacting this
cooling function. In such cases, a proportion of woody media of <5 mm
particle size can be mixed through the bulk media to increase hydraulic
retention

• When designing monitoring regimes (particularly for experimental facilities),
the availability and suitability of local laboratory services should be consid-
ered and alternative provisions made, if necessary

• Influent quality can change over time, irrespective of the thoroughness of pre-
liminary characterisation. Users of vermifiltration systems should (ideally) be
engaged in the design and implementation phases to ensure that inappropri-
ate materials are not discarded to the wastewater flow

• Although there were virtually no issues of low social acceptance, odours can be
generated during dosing events, and it may be necessary to consider filter and
vent locations to minimise risks of odour impact on surrounding receptors

• For convenience, the INNOQUA demonstration Lumbrifilter reactors were
all supplied by a single European manufacturer. However, project partners at
the University of Cuenca (Ecuador) readily replicated the filter using a water
tank and other locally available materials Figure 4.27.

Figure 4.27. INNOQUA lumbrifilter created with locally available materials in Cuenca.
Images courtesy of Andrés Alvarado, showing (left to right): an external view; gravel
layer; splash plate distribution system.
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4.5 Discussion and Identification of Future Research
Needs

Vermifiltration is a demonstrably robust method of wastewater treatment that has
been successfully commercialised in a number of countries and regions, notably
Latin America, Australasia and India – where the systems produce final effluent
suitable for discharge into soil and/or surface waters, and in some cases suitable
for reuse in irrigation or other applications. The basic operating principles of these
vermifilters are all the same, creating favourable environments for specific types
of earthworm to consume organic solids in wastewater in parallel with microbio-
logical degradation of dissolved organic pollutants. In some cases, vermifilters are
promoted as alternatives to septic tanks – designed to accept whole wastewater, with
the majority of treatment taking place downstream – while in other cases vermifil-
ters are promoted as alternatives to secondary treatment systems, accepting settled
wastewater and delivering sufficient treatment within the unit to allow final efflu-
ent to be discharged to surface water or used in irrigation (following disinfection).
Very few commercial examples are known to combine both primary and secondary
treatment into a single vermifiltration unit.

The potential for combining primary and secondary treatment into a single ver-
mifilter is particularly attractive in those contexts where faecal sludge treatment
infrastructure is absent or inadequate. This is the case for several of the countries
hosting INNOQUA Lumbrifilter demonstration sites. Excellent performance was
delivered at the two demonstration sites processing whole wastewater (France and
India), where earthworm capacity and solids’ loading were balanced to minimise
clogging. It is not yet possible to infer the potential of these installations as zero
sludge solutions since fundamental operational aspects of both sites were changed
during the demonstration phase and long term (>1 year) data are not available
for these configurations. Performance was also excellent at facilities treating sep-
tic tank effluent and settled wastewater – potentially allowing vermifiltration to
replace drainage fields or constructed wetlands to intensify treatment where septic
tanks or other basic infrastructure already exists. Sequential primary and secondary
treatment with separate vermifiltration units is also possible, although not studied
within INNOQUA.

In addition to removal of suspended solids, COD and BOD, there was also evi-
dence of nutrient removal by the INNOQUA Lumbrifilters – both for nitrogen and
phosphorus. The project did not explore mechanisms of removal, although nitro-
gen removal can be explained by a combination of biomass uptake, nitrification
and denitrification, while phosphorus removal can be explained by a combination
of biomass uptake and adsorption. Understanding the durability of these removal
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patterns in the long term will require further research, since it is well established
that adsorption sites for phosphorus will eventually reach saturation – after which
break-through will occur unless the filter media is replaced. Denitrification requires
anoxic conditions that are normally created by avoiding aeration and ensuring sol-
uble COD or BOD concentrations that are sufficiently high to allow microbial
activity to utilise free oxygen. Since vermifilters (nominally) operate under aero-
bic conditions, the occurrence of denitrification suggests the presence of anoxic
micro-sites within the filter media – perhaps facilitated by partial breakdown of
the woodchips. These mechanisms are exploited in denitrifying reactors designed
for decentralised applications, where the media act both as a biofilm support and
source of dissolved organic carbon. In principle the combination of organic and
mineral filter layers within a vermifilter can be designed to act as a physical filter, a
habitat for earthworms, a scaffold for biofilm establishment, a matrix of phosphorus
adsorption sites and a source of dissolved organic carbon to support denitrification.
Incorporating all of these elements within a single reactor would present significant
maintenance challenges – but the flexibility of vermifiltration systems is nonetheless
apparent.

Interactions between earthworms and microorganisms were not explored in
INNOQUA, although such interactions may be key to vermifiltration systems
noted to deliver more than the sum of their parts. Pathogen reduction may be
due to mechanical action within the earthworm gut, or due to enzymic inhibi-
tion (whether within the earthworm or its casts). Interactions between earthworms
and microbial community structure within their surrounding habitat are also evi-
dent from previous research. Whether this contributes significantly to the increased
treatment efficiencies within vermifilters (as compared with conventional biofilters)
is unknown, since the browsing habits of earthworms also contribute to improved
aerobic conditions within filters. However, increased populations of specific types
of bacteria have been noted in material processed by earthworms – suggesting a
combined effect of bacterial community influence and increased aeration, leading
to increased functionality and wastewater treatment efficacy. These interactions are
difficult to correct for experimentally but are important to understand if the poten-
tial for vermifiltration to attenuate pathogens, known chemical hazards and (par-
ticularly) chemicals of emerging concern in wastewater is to be robustly explored
and exploited.

Care must also be taken to ensure that the fundamental elements of vermifiltra-
tion are considered in any future implementation. While earthworms are suscep-
tible to various wastewater characteristics (such as salinity, dissolved ammonia and
pH), they are also susceptible to drowning, and this can be induced in units where
outflows are not adequately designed, where filter media clog due to excessive solids’
loading in wastewater and if excess biofilm accumulates within the filter bed. Since
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most commercial systems are passively aerated, chimney effects created by localised
hotspots of composting substrate might be useful – or might lead to localised anaer-
obiosis that reduces overall treatment performance. In contrast, filter media that are
too free-draining may cause earthworm desiccation or may reduce cooling effects
necessary in climates with high ambient temperatures. Thus, despite their apparent
simplicity, optimum functioning within vermifilters results from the interaction of
earthworms and multiple other factors, including:

• Bedding/filter material type and physical form
• Filter media depth
• Dosing regime
• Hydraulic retention time
• Wastewater characteristics
• Operating temperatures

Optimum functioning will also be an artefact of the specific location and
intended use for the treated wastewater. It is this combination of simplicity and
complexity that means many commercial suppliers offer both a standard modular
range of vermifilters sized for different flows and loads (often for treating domes-
tic wastewater) – and a bespoke design service to treat industrial wastewater from
manufacturing facilities.

As in all wastewater treatment systems, upstream management should be consid-
ered and appropriate measures adopted to (for example) exclude non-biodegradable
solids such as plastics. Where primary clarification is required, then provision must
also be made for management of the resulting sludges. The need for routine mainte-
nance will also be linked to the initial choice between vermifiltration for primary or
secondary treatment, since the filter media are less likely to clog in secondary treat-
ment systems and may need more surface agitation in primary treatment systems.
In both cases woody media will need to be replenished periodically.

Overall, vermifiltration offers the potential to deliver robust aerobic treatment of
domestic and other wastewaters in a range of decentralised scenarios on small foot-
prints. As evidenced by INNOQUA project partners at the University of Cuenca,
vermifilters can be constructed and filled with locally-sourced materials, inoculated
with locally-sourced earthworms and easily maintained by suitably informed users
(Figure 4.27). While the COVID-19 pandemic interrupted the planned monitor-
ing of long term continuous performance, the enforced shutdowns and/or absence
of routine maintenance at the majority of INNOQUA demonstration sites during
the pandemic served to further highlight the resilience of vermifiltration systems.
Providing the filter media had been maintained in a moist condition, treatment per-
formance quickly rebounded following re-start. Epigeic earthworms have evolved
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to exploit conditions of rapidly changing food availability under a broad range of
environmental conditions – and providing certain boundaries are respected, will
provide extremely resilient service in vermifiltration (and vermicomposting) appli-
cations.

Finally, although vermifilters are commercially available in a range of configura-
tions, some aspects remain relatively unexplored and may prove fruitful for future
research:

1. The potential to use biochar in place of a mineral filter layer. This could
provide a very high surface area for biofilm establishment and/or adsorption
of phosphorus and other chemicals of interest;

2. Interactions between earthworms and microbial communities within filter
media, and whether these can be exploited to further intensify treatment
functions or to target treatment of specific chemicals of interest;

3. Long term treatment performance and potential to remove nutrients, heavy
metals and other chemicals of interest;

4. Long term maintenance requirements and costs, when compared with other
decentralised wastewater treatment approaches; and

5. Potential for creation of treatment cascades, with an initial ‘roughing’ vermi-
filter for primary treatment, followed by a secondary vermifilter, followed by
a denitrifying woodchip reactor and finally a P-sorption reactor. This could
deliver full decentralised wastewater treatment on a modest footprint and
could be combined with final disinfection to allow reuse in a wide range of
applications.
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Chapter 5

Daphniafilter: A Nature-based
Tertiary Treatment

By Victoria Salvadó, Manuela Hidalgo, Narcís Pous, Teresa Serra
and Jordi Colomer

5.1 Introduction

The main purpose of tertiary treatment systems is to provide a final remediation
stage to improve effluent quality sufficiently that it meets legislative requirements
for reuse or discharge to a receiving environmental body. During tertiary treatment,
different types of pollutants such as organic matter, suspended solids, nutrients,
pathogens, and micro-pollutants (including priority and emerging contaminants
and heavy metals), which may not be adequately removed during secondary treat-
ment are targeted.

Different technologies are available to ensure that treated effluents achieve high
levels of quality, potentially rendering them suitable for irrigation of crops, gardens
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and golf courses, industrial processes and even for human consumption. These tech-
nologies vary from green filters (constructed wetlands) to physicochemical treat-
ments (coagulation, flocculation, sedimentation, filtration, membrane treatments,
disinfection, etc.). In some cases, these treatments can imply the use of significant
energy resources and/or chemicals (physicochemical treatments), therefore entail-
ing economic and environmental costs that limit their general application. Innova-
tive, low-maintenance and low-energy input solutions to treat wastewater should
preferably be based on natural depuration systems. Although the implementation
of lagoons and ponds (Young et al., 2017) and constructed wetlands (Lutterbeck
et al., 2018) has grown over time, they still have the disadvantage of requiring large
areas of land and problems in meeting the criteria for discharge over the whole year
(Massoud et al., 2009). Sludge accumulation (requiring routine maintenance) can
also be problematic. Taken together, these barriers indicate that it is necessary to
improve the efficiency of natural-based treatments. In order to achieve this objec-
tive, the role of the different living organisms involved in decontamination pro-
cesses in natural ecosystems should be investigated, as well as the factors affecting
these processes. In this context Daphnia filtration is a technology which leverages
living organisms from natural ecosystems.

This chapter outlines the background to Daphnia filtration and its application
to water and wastewater treatment and details key results of research carried out at
both laboratory and pilot scale.

5.2 Daphnia Filtration – What We Know So Far

Frederick and Egan (1994) defined the concept of environmental biotechnology
as the use of living organisms to reduce human impact on the environment.
In this respect, it is known that zooplankton, specifically, daphnids, are of fun-
damental importance in improving the efficiency of water treatment in ponds
(Kampf et al., 2007). Daphnia is a large planktonic crustacean belonging to the
order Cladocera whose diet is based on ingesting algae and other organic detri-
tus, including protists and bacteria (Ebert, 2005). Daphnia magna is a common
species that has a broad natural distribution (Fig. 5.1), having been identified in
countries as far apart as Russia, India and South Africa. Other Cladocera species
occupy similar ecological niches in countries as diverse as Australia, Mexico and
Sri Lanka (Serra et al., 2019a). D. magna thrive in water temperatures of around
20◦C, although its distribution proves that it can adapt to a broad temperature
range (Elenbass, 2013). However, water temperatures above 6◦C are required for
D. magna reproduction, whilst in mesocosm experiments, populations experienced
seasonal fluctuations, with maximum population densities achieved when water
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(a) (b)

Figure 5.1. (a) Daphnia magna and (b) D. magna individuals in a vessel.

temperatures were between 15◦C and 25◦C (Serra and Colomer, 2016). Due to the
ease with which Daphnia are cultivated (Mittmann et al., 2014) and their capacity
as filter feeders they can be considered as promising organisms to treat wastewater.

Laboratory experiments have shown that D. magna ingest particles with diam-
eters below 30 µm (Fig. 5.2a) (Pau et al., 2013). Therefore, biological filtration
by D. magna can reduce the concentration of small particles, which are the most
difficult to remove from suspension during clarification. Although sedimentation
was shown to be responsible for 60% of the reduction in suspended solids, inges-
tion by D. magna resulted in an additional 10–29% reduction in particles with
diameters lower than 30 µm (Pau et al., 2013). Higher reductions were associated
with higher population densities of D. magna (Fig. 5.2b). From mesocosm experi-
ments, the reduction in the particle concentrations attributed to Daphnia filtration
ranged between 2.5% and 39%, corresponding to Daphnia population densities of
between 5 and 100 individuals L−1 (hereafter ind L−1). Therefore, the maximum
reductions due to both the filtration capacity of Daphnia and sedimentation were
99% (in the mesocosm) and 92% (in the laboratory).

In addition to Daphnia population densities, mesocosm experiments have
demonstrated that hydraulic residence times are also an important factor, with
particulate removal efficiencies greatest where residence times exceed 3 h (Serra
and Colomer, 2016). This has important implications for system design (sizing)
and operation. Conventional tertiary wastewater treatments often rely on chemical
coagulants to aggregate particles, facilitating their removal. In contrast, biological
filtration by Daphnia does not require such chemicals, reducing the cost of treat-
ment and ecological impact when treated wastewater is reintroduced to the environ-
ment. A comparison with conventional treatments (lamellar decanters, sand filters
and disc filters) has shown that Daphnia filtration reduced the concentration of
small particles in a similar amount to that found for disc filters and without the
need for any backwash (Serra et al., 2014).
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(a) (b)

Figure 5.2. (a) Particle volume concentration (C, in µl L−1) versus particle diameter
(d, in µm) for different experimental durations (t). The green rectangle represents the
ingestible particle range for Daphnia with d <30 µm. Particles with d > 30 µm are
expected to settle over time under gravity. (b) Evolution of the ratio between the con-
centration of particles of d <30 µm after 4 h of Daphnia filtration (C) and the initial
concentration of particles (C0) versus the concentration of Daphnia (CDph).

Alongside removal of suspended inorganic and organic particulates, the feeding
habits of Daphnia can reduce concentrations of bacteria such as E. coli (Serra et al.,
2014) and coliforms (Shiny et al., 2005). These findings suggest that Daphnia could
be used for clarification (reducing the suspended solid content) and for pathogen
removal (reducing the bacterial load). Optimization of these processes would make
Daphnia biofiltration suitable as a tertiary wastewater treatment (Matamoros et al.,
2012; Müller et al., 2018). As illustrated in Table 5.1, which summarises the bacte-
rial inactivation rates of tertiary treatments in operation at different WWTPs of the
Costa Brava (Girona, Spain), Daphnia biofiltration can enable reclaimed water to be
obtained with a microbiological quality that is similar to that produced by conven-
tional treatments, with potential for lower energy and maintenance costs. Estimates
of the relative energy consumption (kWh m−3) for the reduction of E. coli from the
Empuriabrava WWTP indicate a cost of e0.60 in a conventional tertiary systems
(E. coli reduction between 2.1 and 4.5log10) and e0.04 using daphnia cultures (E.
coli reduction of 2.7log10) (Table 5.1).

Furthermore, Daphnia have been shown to contribute to reducing BOD
content through their consumption of particulate organic matter (Shiny et al.,
2005), while in another zooplankton-based reactor, average removal efficiencies
of 80% were obtained for emerging and priority organic pollutants (i.e., phar-
maceuticals, personal care products, pesticides, antiseptics, fire retardants and
plasticisers) (Matamoros et al., 2012). These characteristics make this biotech-
nology more efficient than some conventional tertiary treatments, such as
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Table 5.1. Comparison of the inactivation rates achieved at the mesocosm for E. coli
and sulphite reducing Clostridia (a type of Clostridia that are characteristic of faecal

waters), with those obtained at different tertiary treatment of wastewater treatment

plants (Girona, Spain). Data from the Costa Brava water agency (http://www.ccbgi.

org/reutilitzacio.php, March 2013).

Inactivation Rates
(In Logarithmic Units)

Sulphite
WWTP Location and Tertiary Treatment E. coli Reducing Clostridia

El Port de la Selva Coagulation, flocculation,
multilayer pressure
filtration UV + Chlorine

3.5 2.9

Empuriabrava Constructed Wetland 2.2 1.1

Torroella de Montgrí UV + Chlorine 2.1 1.1

Pals Chlorine 3.3 1.0

Castell-Platja d’Aro Sand filtration, UV +
Chlorine

4.5 1.3

Tossa de Mar Coagulation, flocculation,
sedimentation, sand
filtration, UV + Chlorine

4.5 2.8

Empuriabrava mesocosm Daphnia filtration, 4-day
hydraulic retention time

2.7 1.9

coagulation-flocculation-lamellar sedimentation and UV light-chlorination (Mata-
moros and Salvadó, 2013), but slightly less efficient than others, such as ozona-
tion, Fenton oxidation, and membrane-based systems (Klavarioti et al., 2009) and
Dolar et al. (2012). The combination of a membrane bioreactor (MBR, com-
posed of an activated sludge bioreactor followed by microfiltration) and a reverse
osmosis (RO) system showed high removal rates (99%) for some emerging con-
taminants, although in some cases, the removal efficiency of the MBR alone was
lower than 80% (Dolar et al., 2012). The high removal efficiency of the Daph-
nia reactor, consisting of zooplankton combined with microbial and microalgae
biofilms, is explained by the simultaneous occurrence of biodegradation (e.g.,
ibuprofen, naproxen and furosemide), photodegradation (e.g., diclofenac and keto-
profen), adsorption dynamics, algae and zooplankton uptake (Garcia-Rodríguez
et al., 2013).

The results and knowledge gained from the experiments performed in a meso-
cosm system support the idea that an innovative tertiary treatment based on
biological filtration (from here on referred to as the Daphniafilter) is technically

http://www.ccbgi.org/reutilitzacio.php
http://www.ccbgi.org/reutilitzacio.php


Laboratory Tests to Optimise the Filtration Capacity of Daphnia 197

feasible and can be competitive in terms of costs and efficiency with respect to
current physico-chemical tertiary treatments (Ortiz et al., 2011; Matamoros et al.,
2012). In order to design and optimise the performance of a Daphniafilter, it
was first essential to understand the sensitivity of Daphnia to common wastew-
ater components such as free ammonia (NH3) (Lyu et al., 2013), ammonium
(NH4

+) and nitrite (NO2
−) (Serra et al., 2019b), organic matter and metals

(Okamoto et al., 2015).

5.3 Laboratory Tests to Optimise the Filtration Capacity
of Daphnia: Effect of Light, Water Temperature,
Organic Matter and Nutrients

The response of Daphnia individuals to environmental changes has been studied in
terms of their ingestion (through filtration capacity), swimming velocity, heart beat
and survival, which are altered by the toxicity (Bownik, 2017), turbulence (Serra
et al., 2018), temperature (Müller et al., 2018) and contaminant load (Nørgaard
and Roslev, 2016; Serra et al., 2019b) of the water where they thrive. Such con-
taminants can include microplastics – identified by many authors in water bodies
(including municipal wastewaters (Sun et al., 2019)), some of whom have studied
the effect of microplastics on freshwater organisms (Rist et al., 2017). Moreover,
microplastic ingestion may have physical consequences for zooplankton such as
Daphnia, disrupting their feeding and digestion, and thus affecting their fitness
and performance (Colomer et al., 2019). Light can also be considered crucial for
the growth of Daphnia as daily and seasonal vertical Daphnia migrations through
the water column have been observed (Simoncelli et al., 2019). Hence, the pho-
toperiod, which has daily and seasonal time-scale variations that are also latitude-
dependent, has also been shown to be a key factor in determining the reproduction
and growth rates of zooplankton. Moreover, both individual stressors and combi-
nations of stressors can significantly reduce the filtration capacity of Daphnia (Serra
et al., 2020).

Extensive laboratory studies have been performed into the behaviour of Daphnia
in order to assess their usefulness in water treatment; key aspects of these studies
are summarised in Fig. 5.3 and outlined in the following sections.

5.3.1 Effect of Photoperiod and the Light Intensity

For continuous light, D. magna filtration rates have been found to be highest with
photoperiods of 16 h L (Light)/8 h D (Darkness), 12L/8D and 8L/16D (Table 5.2).
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Figure 5.3. Overview of the laboratory tests carried out to study the effect of the different
conditions on D. magna filtration capacity, mobility and survival.

For shorter periods of light exposure (4L/20D), filtration was lower and only supe-
rior to periods of complete darkness (0L/24D). With the maximum light intensity
tested (100%), filtration was 2.5 times the rate of filtration in complete darkness
(I = 0 W m−2) (Table 5.2). For the highest light intensity tested, the Daphnia
filtration was 2.42 times than that obtained in darkness (Serra et al., 2019a).

5.3.2 The Effect of Water Temperature

The optimal water temperature for D. magna filtration has been found to be 20◦C
(Fig. 5.4a). Both above and below this temperature, the filtration capacity decreases
significantly, and this is particularly accentuated as water temperatures become
more extreme in both directions. However, experiments have shown that Daph-
nia individuals are able to acclimate to a wide range of temperatures. Acclimation
can take several days, during which the filtration capacity of individual Daphnia
increases significantly (Fig. 5.4b). In the case of 25◦C, the filtration capacity after
acclimation increased 91.7% compared to shortly after the temperature change,
while in the case of 11◦C the increase was 136.4%, compared with capacity imme-
diately following the applied temperature change. However, acclimation at tem-
peratures of 29◦C or greater is not possible due to high rates of mortality. The
final filtration capacities of Daphnia individuals that have to acclimate to changes
in water temperature are at their highest at 15◦C and their lowest at 11◦C, but in
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Table 5.2. Daphnia magna filtration at seventh day of acclima-

tion: (a) at the different photoperiods for 3,940 lux of light

intensity and (b) at different light intensities for the 12 L/12 D

photoperiod.

Photoperiod Light (L)/Darkness (D) Filtration Capacity
(Hours) 3940 lux During Light Periods (mL ind−1 h−1)

24 L/0 D 2.51

0 L/ 24 D 1.18

12 L/12 D 2.90

16 L/8 D 2.70

8 L/16 D 3.00

4 L/20 D 1.84

Fixed Photoperiod 12 L / 12 D Filtration Capacity
Varying Light Intensity (lux) (mL ind−1 h−1)

0 1.21

394 1.44

985 1.69

1,970 2.13

2,955 2.59

3,940 2.90

no case do they reach the maximum levels seen at a starting temperature of 20◦C
(Müller et al., 2018).

5.3.3 The Effect of COD

The effect of COD on Daphnia was tested in triplicate in 1L-reactors contain-
ing 20 ind L−1 in secondary wastewater at a controlled temperature of 20 ± 1◦C
and photoperiodic illumination (16L/8D) for 24 h. The COD concentration was
varied from 0 (control) to 250 mg COD L−1, aligning with the expected value
of a low strength urban wastewater (Metcalf and Eddy, 1991), by adding differ-
ent quantities of CH3COONa:CH3CH2OH, dehydrated meat extract and milk
to mineral water. There was 100% mortality in two of the three replicates when
they were exposed to the highest COD concentration (250 mg COD L−1). How-
ever, for COD concentrations below 160 mg COD L−1, the filtration capacity of
Daphnia was not inhibited. There are a number of reasons why Daphnia could
be inhibited by the presence of COD concentrations higher than 160 mg COD
L−1 in this case: (i) vessels were not mechanically aerated but were open to the air
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(a) (b)

Figure 5.4. (a) D. magna filtration capacity, F (ml ind−1 h−1) versus water temperature
and (b) D. magna filtration capacity F (ml ind−1 h−1) during acclimation versus the time
(in days) exposed at each water temperature.

and oxygen was supplied through passive aeration from the surface. Since microor-
ganisms can grow on the upper surface layer of the wastewater, an oxygen barrier
may have been created that harmed the survival of the Daphnia individuals and
(ii) excessive growth of heterotrophic bacteria could have been a source of toxins
that reduced Daphnia survival (Rodriguez da Silva et al., 2004). Overall, these find-
ings suggested that a reactor containing Daphnia should be externally aerated when
the wastewater contains >160 mg COD L−1 (Pous et al., 2020). Any such aera-
tion would have to be carefully/gently applied, since background turbulence has
a negative impact on mobility and the filtration capacity of Daphnia individuals
(Serra et al., 2019c).

5.3.4 The Effect of Ammonium, Nitrite, Nitrate and Phosphate

The effect of the presence of nutrient species on the filtration capacity of Daph-
nia can be evaluated by monitoring the inactivation (INACT) factor, defined by
Eq. (5.1):

INACT(t) = log
(

F(0, t)
F(cx , t)

)
(5.1)

where F(0) is the Daphnia filtration rate of suspended solids at Cx = 0 (where
C is the concentration of a given compound x) and F(cx ) is the Daphnia filtra-
tion rate for Cx ≥ 0. For example, in the case of NO−3 -N and PO3−

4 -P, and for
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(a) (b)

Figure 5.5. Inactivation factor (INACT) versus exposure time (in days) for the different
chemical dosages c (in ppm = mg L−1) for (a) NH4

+-N and (b) NO−2 -N.

the range of concentrations studied, inactivation has been found to be zero. How-
ever, the inactivation factor increases with increasing concentrations of NH+4 -N
and, in general for any given concentration, INACT increases with increased expo-
sure time (Fig. 5.5a,b). INACT for Daphnia is sensitive to increasing NO−2 -N con-
centrations but particularly sensitive to exposure time (e.g., for exposure times of
more than 1 day and also exposure times of 4 days at concentrations of 2 mg L−1

and above (Fig. 5.5b) (Serra et al., 2019b).
These findings indicate that Daphnia filtration may not produce satisfactory

results for effluents rich in ammonium or nitrites (>40 mg NH4
+-N L−1 and>5

mg NO2
−-N L−1, respectively) when Daphnia are exposed to such contaminants

for periods longer than 1 day.

5.4 Assessment of the Daphniafilter at Laboratory
Scale

The application of any technology to on-site conditions can cause challenges with
issues such as flow fluctuation and influent wastewater variations. Thus, a key
design factor for on-site systems is the hydraulic residence time (HRT) – a fac-
tor that can be analysed in laboratory-based studies. As part of the initial devel-
opment of the zooplankton system for the INNOQUA project a 2 L laboratory
scale Daphniafilter (Fig. 5.6) was assembled to evaluate nutrient removal at dif-
ferent HRTs (fluxes ranging from 0.54 to 3.5 L d−1) from synthetic wastewater
(133 ± 64 mg COD L−1, 14 ± 5 mg NH4

+-N L−1 and 7 ± 1 mg PO4
3−-P

L−1). The reactor was inoculated with a D. magna population of 50 ind L−1 and
operated under batch conditions for 7 days. The reactor was then switched to con-
tinuous flow mode for 11 days at an HRT of 3.7 days (steady-state conditions).
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Figure 5.6. (a) Scheme of the Daphniafilter reactor used in the lab-scale experiments
and (b) experimental set-up at lab scale. Adapted from Pous et al. (2020).

(a) (b)

Figure 5.7. Lab-scale Daphniafilter performance at different HRTs: (a) organic matter
(COD) removal and (b) nitrogen (NH4

+ + NOx
− (NO2

− + NO3
−)) removal. Error bars show

standard deviation. Adapted from Pous et al. (2020).

During this period, the Daphnia population evolved and a bacterial/algal biofilm
grew on the reactor surface.

Following this, tests for evaluating the effect of HRT on nutrient removal were
started. Each HRT (3.7, 2.1, 1.1 and 0.7 days) was tested over 14 days. The com-
plex synthetic wastewater used for these tests implied certain variability on influent
nitrogen and COD content. The nutrient removal observed in the zooplankton
reactor under continuous flow mode is shown in Fig. 5.7.

The removal of organic matter (COD) was mostly constant over the different
HRTs tested and the highest COD removal, 89 ± 2% (equivalent to 39 ± 13 mg
COD L−1 d−1) was observed at an HRT of 3.7 days (Fig. 5.7a). When the HRT
was decreased to 0.7 days, COD removal decreased slightly (74 ± 3%). Neverthe-
less, this meant that from 3.7 to 0.7 days HRT, the COD removal rate had increased
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from 39 ± 13 mg COD L−1 d−1 to 261 ± 98 mg COD L−1 d−1. The nitrogen
removal performance was more affected by changes to the HRTs (Fig. 5.7b). A total
nitrogen removal of 45 ± 13% (8.8 ± 3.8 mg N L−1) was observed at an HRT of
3.7 days, giving a total nitrogen removal rate of 2.3± 1.0 mg N L−1 d−1. However,
in percentage terms, nitrogen removal decreased at higher water-flow rates (7 ±
4% at 0.7 days HRT) although the total nitrogen removal rate at 0.7 and 3.7 days
was similar (1.9 ± 0.5 and 2.3 ± 1.0 mg N L−1 d−1, respectively). Ammonium
removal rate was mostly constant at the HRT range tested (around 3 mg NH4

+-N
L−1 d−1). Moreover, an accumulation of both nitrates and nitrites was observed at
high HRTs given that only 70% of ammonium removed was denitrified or assim-
ilated (79% at the lowest HRT). These results can be explained by the lack of an
electron donor (organic matter) at high HRT, and in the case of lower HRTs, poor
nitrification performance leads to low substrate availability (nitrates and nitrites).
With regards to phosphate, it can be observed that the removal performance was
low at around 12% with an HRT of 3.7 days, but no P removal was observed at
lower HRTs (data not shown) (Pous et al., 2020).

In summary, the Daphniafilter presented a significant removal of COD (89%)
and total nitrogen (45%) at an HRT of 3.7 days, with low orthophosphate removal
(12%). Decreasing the HRT to 1.1 days resulted in a slight decrease in COD
removal (74%), while total nitrogen removal decreased to 20%. At lower HRTs,
total nitrogen removal rates progressively decreased. Thus, based on this data (albeit
with synthetic wastewater) a Daphniafilter operating with an HRT of between 2
and 4 days is adequate for polishing carbon and nitrogen from secondary-treated
wastewaters (Pous et al., 2020).

5.5 Basic Operating and Design Principles
of a Pilot-Scale Daphniafilter Reactor

Data from the laboratory scale experiments (Sections 5.2 and 5.3) provided the
basis for designing a pilot-scale reactor utilising the different wastewater treatment
capabilities of zooplankton and bacterial/microalgal biofilms. In order to design
a reactor intended to treat a volume of wastewater of 10 population equivalent
(PE), a computational fluid dynamic analysis was carried out to optimise the crit-
ical parameters and maximise the efficiency of the biological system. Simulations
were carried out assuming a range of boundary conditions such as water inlet tem-
perature (8–25◦C), water viscosity as a function of the temperature, flow particle
characteristics (including volumetric concentration by size) and flow rate condi-
tions. Water velocity is a critical parameter for Daphnia (Serra et al., 2018). For this
reason, the design specifications took into account not only the influent velocity,
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but also the different velocities generated inside the reactor to ensure that the max-
imum tolerance value was not reached at any point. The design also aimed for the
control of water temperatures, the promotion of a high concentration of particles
below 35 µm in sunlit areas, the promotion of a region with fairly static flow in the
lower part of the tank to promote sedimentation of larger particles, as well as the
avoidance of preferential flow paths that could drag Daphnia out of the tank. The
system was designed to ensure aerobic conditions by including a passive aeration
system at the inlet.

Light plays an important role in the Daphnia life cycle, with alternate periods
of light and darkness required, and so water surface exposure to daylight must be
ensured. At the same time, however, excessive sunlight must be prevented to avoid
algae overgrowth and system overwarming. In this case a perforated cover was suf-
ficient to deliver the necessary dappled shade. The Daphniafilter is discharged by
overflow, so no pump is required if the influent is fed gravitationally from a pri-
mary/secondary treatment system. At peak flows, a reduced HRT of just 6 h is the
lowest that can be tolerated before it becomes necessary to bypass the reactor – or
risk complete washout of the Daphnia (and wider mesocosm) population. Where
peak flow situations exceeding the capacity of the Daphniafilter are a possibility, a
buffer tank should be installed to regulate the inflow to the unit. A schematic of
the 10 PE Daphniafilter reactor (Salvadó et al., 2019), is presented in Fig. 5.8a,b.

The reactor for the initial pilot-scale system in this project utilised a conical
base to minimise the velocity and turbulence at the inlet (located centrally halfway
down the reactor depth), and had a total volume of 1,500 L. The reactor contained

(a) (b)

(c)

Figure 5.8. (a) and (b) Daphniafilter reactor, (c) view of the upper part of the reactor
with the Venturi tube (PATENT: Salvadó et al., 2019).
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two flat rectangular plates to increase the internal surface area for bacterial and
algal biofilm growth to enhance nutrient removal and encourage sludge settlement.
This configuration was designed to operate with velocities lower than 3.5 mm s−1

(Serra et al., 2018). The outlet comprised a weir overflow that occupied the entire
internal circumference of the reactor to ensure a gentle outflow and to retain Daph-
nia within the reactor.

For ease of transport, handling and installation, the reactor tank was made from
high-density polyethylene. The internal support structure was made with alloy steel
(AISI 403) and the inlet tube was modified to include a Venturi device to aerate
the influent and prevent low oxygen conditions developing (Fig. 5.8c).

The tank was installed on a perfectly horizontal surface to ensure flow conditions
as per the design. The inlet and outlet polyethylene pipes provided smooth surfaces
that help to prevent the accumulation of biofilm and sludge attachment (that could,
ultimately, reduce effluent quality and lead to clogging).

After installation, secondary treated wastewater needs to be circulated inside
the reactor for two weeks to promote the growth of a biofilm on the inner walls
of the reactor and the lamella surfaces. After the biofilm has been established,
Daphnia individuals can be introduced into the tank at a minimum population
of 0.2 ind L−1. It is recommended that the temperature and quality of the influent
are monitored to ensure compatibility between the Daphniafilter and prior pri-
mary/secondary treatment.

5.6 Evaluation of the Performance of the Daphniafilter
Reactor as a Tertiary System on a Pilot Scale

In order to carry out the prototype validation and demonstration, the 10 PE Daph-
niafilter prototype was first installed (March 2018) at the municipal wastewater
treatment plant of Quart (Girona, Spain), which performs primary and secondary
treatment. The system was tested for a total of 412 days, from April 2018 to June
2019. In order to allow bacterial/algal biofilm growth, the reactor was fed for 19
days with secondary treated wastewater with the following characteristics: pH 7.3±
0.3, 1387± 228µS cm−1, 68± 59 mg COD L−1, 29.5± 14.6 mg NH4

+-N L−1,
0.5 ± 0.7 mg NO3

−-N L−1, 0.5 ± 1.0 mg NO2
−-N L−1 (total nitrogen = 30.4

± 14.3 mg TN-N L−1), 4.4± 7.3 mg PO4
3−-P L−1, 64± 170 mg TSS L−1 and

105± 260 NTU. About 1,000 Daphnia individuals (about 0.6 ind L−1) were then
added. This reactor was designed to operate normally at 1,500 L d−1, giving a nom-
inal HRT of 1 day, and was tested under three additional conditions: (a) Overflow:
the system was operated at 3,000 L d−1 (0.5 d HRT) between days 72 and 145
(July–August 2018) and days 233 and 240 (December 2018); (b) Underflow: the
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system was tested at 750 L d−1 (2 d HRT) between days 217 and 222 (December
2018); (c) No flow: the influent pump was stopped between days 146 and 161
(September 2018) and 240 and 264 (December 2018–January 2019). Monthly
average temperature varied between 10.4 ± 1.8 and 29.3 ± 1.6◦C.

The aim of the Daphniafilter reactor was to produce an effluent suitable for
reuse as defined by Spanish water reuse legislation (RD 1620/2007), which was
used as a reference. This legislation sets different standards for E. coli, TSS, tur-
bidity, and nitrogen depending on the end use. Initially, the capacity of Daphnia
to reduce the amount of solids present in secondary effluents was assessed. The
effect of the wastewater inflow rate on effluent TSS concentrations and turbidity
values is presented in Fig. 5.9. The system was resilient enough to keep effluent TSS
within Spanish regulatory parameters in autumn and winter at all flow rates tested
(Fig. 5.9a). However, the TSS concentrations in the effluent were higher than in the
influent during spring and summer at the different flow rates tested. The presence
of larger particles such as floccular bacterial aggregates and Lemna spp. (duckweed)
in the effluent resulted in TSS concentrations that exceeded the regulatory limits
at various stages throughout the year.

Turbidity values were acceptable throughout the year at all flow rates and were
especially low in winter (Fig. 5.9b). In the Daphniafilter, Daphnia was responsible
for the removal of small particles (<30 µm) which contributed to the turbidity of

Figure 5.9. Monthly mean data of: (a) Influent and effluent total suspended solid con-
tent (TSS), the dotted line represents the TSS standard for water reuse in the Spanish
legislation and (b) Turbidity at the influent and the effluent. Error bars show standard
deviations. Flow: nominal load 1,500 L d−1 (100%), 750 L d−1 (50%) and 3,000 L d−1

(200%). Adapted from Pous et al. (2021).
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the influent. The slight variation in effluent turbidity indicates that the filtration
activity of Daphnia was relatively stable over the whole year, despite potential stres-
sors such as temperature and ammonium concentrations.

In order to remove nitrogen from wastewaters a sequence of biological processes
involving nitrification and denitrification are required. More than 95% of nitro-
gen in the influent to the Daphniafilter was in the form of ammonium (NH4

+-
N), whose concentration (average 30 ± 14 mg NH4

+-N L−1) varied signifi-
cantly over time. A gradient of oxygen is expected to occur across the reactor’s
biofilm, allowing the development of nitrifiers on the outer side of the biofilm
(more aerobic) and the growth of denitrifiers in the inner side of the biofilm
(more anoxic). However, the lack of mechanical aeration limits nitrification per-
formance, while the low availability of organic matter inside the Daphniafilter
makes it difficult to achieve high denitrification efficiency. More detailed study
of the nitrification (NH+4 -N removal) and denitrification (TN removal) perfor-
mance in the Daphniafilter over time was undertaken and comparison was made
with the flow rate of the system (Fig. 5.10). The results obtained demonstrated
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that denitrification was slower than nitrification, resulting in a small nitrate
accumulation within the effluent of between 0.6 ± 0.5 and 4.2 ± 2.0 mg N
L−1, as was found in previous laboratory-scale experiments (Section 5.3). The
absence of significant differences in nitrogen removal rates at the different water-
flow rates tested (750, 1,500 and 3,000 L d−1) support this finding (Pous et al.,
2021). Therefore, to obtain higher nitrification rates, the passive aeration sys-
tem could be improved – and where effluent COD concentrations are too low
to support further heterotrophic denitrification – strategies such as the addition
of microalgae or aquatic plants (i.e., Lemna) could be used to increase nitrogen
uptake. The phosphate content in the influent and the effluent was also moni-
tored over the full year of operation but no clear trend could be discerned (data not
shown).

Microbial and suspended particles (a different measure than TSS) removals were
also monitored at the Daphniafilter prototype at three different flows (750, 1,500
and 3,000L d−1) (Fig. 5.11). At each flow, two wastewater samples of 1 L each
were collected at the inlet and the outlet of the Daphniafilter for microbiologi-
cal tests (total Coliforms, E. coli and Enterococcus). The Daphnia population inside
the reactor was determined at each flow rate by collecting a single 4 L sample of
water from the system which indicated, levels of 295 ind L−1 at 750 L d−1, 209
ind L−1 at 1,500 L d−1 and 8 ind L−1 at 3,000 L d−1. The reduction in the num-
ber of Daphnia for the higher flow might be due to the unfavourable conditions
for Daphnia at this rate, with excessive turbulence and water inertia disrupting sta-
ble conditions for swimming, and causing the death of individuals. This in turn
may have impacted the efficiency (I) of the Daphniafilter in reducing the measured
microbiological parameters (Fig. 5.11a).

The efficiency of the system in removing particles was 99% at flows of 750
and 1,500 L d−1, when the Daphnia concentrations were high (between 300
and 200 ind L−1, respectively). However, for the highest flow (3,000 L d−1),
which had the lowest Daphnia concentration (8 ind L−1), the suspended solid
removal decreased to 69.2% (Fig. 5.11b). As can be seen in this figure, the effi-
ciency in the reactor decreased lineally as flow increased when it did not contain
daphnia.

In order to assess the suitability of the Daphniafilter to deliver tertiary treated
wastewater suitable for water reuse, a quality ratio (QR) was calculated for the dif-
ferent scenarios described in the Spanish water reuse legislation following:

Q R =
C P1

Std P1
+

C P2
Std P2

+ · · · +
C Pn

Std Pn
(5.2)

where QR is the quality ratio, C P is the concentration of each parameter in the
effluent from the reactor, n is the number of parameters and Std P is the standard
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(a) (b)

Figure 5.11. (a) Total Coliforms (black dots), E. coli (white dots) and Enterococcus (grey
dots) inactivation versus the different flows studied. (b) Daphniafilter efficiency for
removing suspended solid particles with Daphnia (black dots) and without Daphnia
(white dots) for the different flows studied.

concentration of each parameter according to the water reuse legislation. When QR
< 1, all parameters fulfilled the legal requirements, while at QR> 1, these param-
eters were not reached by one or more parameter.

The results achieved by operating the system at 1,500 L d−1 indicate that the
water quality standard is acceptable for the irrigation of forest, crops not aimed at
human consumption, and for recreational lakes (QR = 0.4). Higher water-flow
rates at 3,000 L d−1 were found to have a significant effect on the quality of efflu-
ent water when E. coli removal decreased as a result of a reduction in the number
of Daphnia and thus the only application of reuse permitted would be forest irri-
gation (QR = 0.6). However, the best results were obtained when the system was
run at 750 L d−1, where effluent E. coli was 400 CFU 100 mL−1. With these
results it would be possible to add agricultural irrigation of food products where
water is not in direct contact with the edible produce as a reuse application. Taken
together, the results suggest that the operation of the reactor should be set at the
lowest water-flow rates tested when water reuse is pursued when the Daphniafilter
reactor is connected to municipal secondary wastewater treatment (e.g., activated
sludge in this case). The year-round performance of the reactor, and particularly
its performance in the summer months, can be improved by better temperature
and oxygen control and optimisation of the role of Lemna, since this aquatic plant
accumulates nitrogen and phosphorus (Ennabili et al., 2019) and fixes CO2 derived
from COD oxidation (Mohedano et al., 2019), which could provide additional pH
control.
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5.7 Evaluation of the INNOQUA Integrated System:
Daphniafilter Reactor Connected to Lumbrifilter
Reactors on a Pilot Scale

For piloting purposes an integrated system comprising two 5 PE Lumbrifilter sys-
tems connected to a 10 PE Daphniafilter reactor (Fig. 5.12), was designed to
treat 1,500 L d−1 of raw municipal wastewater at the Quart treatment plant
(Girona, Spain). The Daphniafilter provided tertiary treatment for secondary
treated wastewater from the Lumbrifilter. The system was evaluated over a period of
9 months, the evaluation process comprising tests at three different hydraulic loads,
namely 750 L d−1, 1,500 L d−1 and 3,000 L d−1. The main objectives of this evalu-
ation were to explore the organic matter, nutrient and pathogen removal capabilities
of an entirely nature-based modular wastewater treatment process. The intention
was that treated water would be suitable for discharge to surface water and some
reuse applications.

Figure 5.13 shows the average removals for COD, TSS, NH+4 , BOD5 and tur-
bidity obtained from each treatment step (Lumbrifilter and Daphniafilter) and the
average removals from the full treatment plant at the different loads tested. As can
be seen, the combination of both technologies to treat raw municipal wastewa-
ter resulted in high levels of removal (>85%) of COD, TSS, NH4

+ and BOD5.
Lumbrifilter treatment alone delivered average removals of 84 ± 6%, 75 ± 10%,
93 ± 8% and 73 ± 17% for COD, TSS, NH+4 and BOD5, respectively. How-
ever, the Daphniafilter provided an important polishing stage, achieving average
removal rates of 54.3 ± 19.4% for TSS, 34.5 ± 20% for BOD5, 31.0 ± 11.7%

Figure 5.12. INNOQUA integrated system at the UDG pilot-site (Quart WWT, Girona,
Spain). The system consisted of two 5 PE lumbrifilters (L1 and L2), a mixing tank (MT)
and a 10 PE Daphniafilter (D1).
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Figure 5.13. Average removal obtained from the 2× 5 PE lumbrifilter (LF), 10 PE Daphni-
afilter (DF) and the integrated INNOQUA system (LF+DF) for COD, TSS, NH4

+, turbidity
and BOD5 under the three different operational loads.

for COD, 68.0 ± 26.2% for NH4
+-N and 34.5 ± 20% for TP from the Lum-

brifilter effluent. The Daphniafilter showed the greatest contribution in terms of
turbidity removal (74.5 ± 15.3%) since its main function is to filter fine particles
(<30 µm). The average results for NH4

+-N removal (68.0%) were high although
the variability was also high with a standard deviation of ±26.2%.

The capacity of the 10 PE integrated system to treat raw wastewater was slightly
affected by changes in the hydraulic operating conditions when three hydraulic
loads were tested. Nevertheless, two significant trends can be observed in Fig. 5.13:
(i) some changes in performance were observed when the load was doubled from
750 L d−1 to 1,500 L d−1. This result is explained by the fact that the overall system
was designed to treat a nominal load of 1,500 L d−1 and the efficiency at this load
was not significantly different to the results obtained when the flow was at 50%
of this and (ii) at an influent hydraulic load of 3,000 L d−1 (200% of the design
value), the efficiency of the system in terms of COD, TSS and NH4

+ removals was
impaired although the overall treatment results remained satisfactory.

5.7.1 Removal of Pathogens and Suspended Particles

Inoculation of Daphnia was carried out with a low initial Daphnia concentration of
0.1 ind L−1 in August 2019, reaching a population of 173 ind L−1 after 15 days in
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Figure 5.14. Pathogen removal (E. coli, Total Coliforms and Enterococcus) at the Lumbri-
filter (LF) prototype, at the Daphniafilter (DF) prototype and at the integrated system
(LF+DF), versus the nominal loads: 750, 1,500 and 3,000 L d−1.

wastewater at 28.1◦C. The population continued to increase at the hydraulic rate
of 1,500 L d−1, ranging between 200 and 500 ind L−1 (depending on the loading
rate and day-to-day variation in measurements), until a hydraulic load of 3,000 L
d−1 (200% design load) was applied, thereafter dropping to 33 ind L1. Turbidity
variation with the flow rate can be explained by the number of Daphnia individuals
thriving in the Daphniafilter during operation at the lowest nominal load (750
L d−1), which varied between 457 and 491 ind L−1, while for a hydraulic load
of 3,000 L d−1 this number was reduced to 33 ind L−1. Higher hydraulic flows
implied an increase of turbulence that could affect both Daphnia population and
solids’ settlement.

The highest bacterial removal was obtained when the LF+DF system was oper-
ated at the lowest hydraulic load (Fig. 5.14) with E. coli, Enterococcus and Coliform
populations reduced by up to 3 log10. The efficiency of pathogen removal in the
integrated system varied depending on the different flows applied, as can be seen in
Fig. 5.14. In the case of the Daphniafilter, pathogen removal efficiency resulted in
reductions of 81%, 83% and 85% of E. coli, Enterococcus and Coliforms, respec-
tively. Removals in the Lumbrifilter were most visibly reduced at a load of 3,000 L
d−1, highlighting the benefit of subsequent DF treatment in providing additional
treatment where design loads may be exceeded for the secondary treatment system.
Overall, the higher the pathogen population in the influent to the DF, the greater
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Figure 5.15. (a) Concentration of solid particles in the LF influent (primary effluent), LF
effluent and the DF effluent as a function of their size. The green square represents the
range of particles ingestible by Daphnia. (b) removal of solid particles at various hydraulic
loads.

the contribution of the DF unit in eliminating it when using the integrated system,
as can be seen in Fig. 5.14 at 3,000 L d−1.

Daphniafilter technology based on the interactions between zooplankton and
bacterial/algal biofilm has been demonstrated to be efficient in treating secondary
wastewater coming from either a vermifiltration reactor (the lumbrifilter) or a con-
ventional activated sludge secondary treatment process. The results suggest that, in
the particular temperature range of this site, seasonality was not a particularly sig-
nificant factor with regards to nutrient polishing (organic matter and nitrogen) or
the removal of solids (TSS and turbidity). Figure 5.15 shows that the concentration
of particles in the water is greatly reduced as it passes through the Daphniafilter,
which implies a reduction in both pathogens (adhering to fine particulates) and
in turbidity. Turbidity reduction at the outlet of the Daphniafilter contributes to
improving the efficiency of subsequent UV light treatment when it is required.

The contribution of the Daphniafilter to the reduction of the particle concen-
tration as a function of the particle size can be observed in Fig. 5.15a. This shows
a reduction of more than 99% at the design load of 1,500 L d−1 (Fig. 5.15b),
which represents an additional reduction of around 10% on top of the reduction
achieved in the LF. However, as the flow increases there are negative effects of tur-
bulent flows on the mobility and filtration capacity of the Daphnia (Serra et al.,
2018, 2019c), resulting in a reduction in the removal of solid particles at the high-
est flow (3,000 L d−1).
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The best performance, measured as a decrease in organic carbon, nitrogen, E. coli
load and suspended solids, was reached when a 10 PE Daphniafilter reactor was fed
with secondary wastewater from the Lumbrifilter at a load of 750 L d−1. The qual-
ity of the final effluent was suitable for reuse in six categories of Spanish legislation
for water reuse such as agricultural irrigation, including products whose edible parts
are industrially treated before consumption; irrigation of pastures for the consump-
tion of animals producing milk and meat; industrial uses, including meeting the
requirements for the food industry; and for ornamental circulating hydraulic ponds
and streams. In the case of the Daphniafilter reactor fed with secondary wastewater
from a conventional activated sludge process at 750 L d−1, the treated water can
also be reused but for fewer applications than those of the integrated system and it
had difficulty in meeting E. coli standards, especially in summer months. When the
integrated system (LF+DF) was operated at 1,500 L d−1, the quality parameters
for water reuse were met, except for E. coli. To address the performance shortfall
for E. coli, the LF+DF effluent can be additionally treated with a UV lamp.

5.7.2 Removal of Metals and Emerging Contaminants

The ability of the integrated system (LF+DF) to remove contaminants such as
metal ions and emerging contaminants has also been evaluated. Potentially toxic
elements such as Cr, Ni, Cu, Zn, As, Cd, Sn and Pb were analysed at the influent
to the integrated system and at the effluent of the Lumbrifilter and Daphniafilter.
The results obtained at a flow rate of 1,500 L d−1 are summarised in Table 5.3.

Table 5.3. Metal concentrations (µg L−1) at the different stages of the INNOQUA inte-

grated system: influent (INF), Lumbrifilter effluent (LF) and Daphniafilter (DF).

Cr Ni Cu Zn As Cd Sn Pb

INF max 11.9 6.7 44.7 392.2 1.5 0.3 1.1 6.6

min 5.7 2.7 11.5 41.8 0.7 0.1 0.5 0.8

median 7.3 5.0 26.1 70.0 1.1 0.1 0.8 2.6

LF max 8.1 2.8 17.8 65.4 1.6 0.2 0.3 1.0

min 4.4 0.9 4.9 21.8 0.7 0.1 0.1 <LOQ

median 5.7 1.7 7.8 34.7 1.0 0.1 0.2 <LOQ

removal 22% 66% 70% 50% 1% – 75% 100%

DF max 5.8 3.0 10.9 63.4 1.4 0.1 0.6 0.2

min 4.6 1.0 4.3 30.8 0.7 0.1 0.1 <LOQ

median 5.4 1.6 6.1 40.4 1.0 0.1 0.2 <LOQ

removal 5% 6% 22% – 1% – – –

<LOQ: below limit of quantification.
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Table 5.4. Emerging contaminant concentrations (ng L−1) at the different stages

of the INNOQUA integrated system: influent (INF), Lumbrifilter effluent (LF) and

Daphniafilter (DF). CFB = Clofibric Acid; NPX = Naproxen; IBU = Ibuprofen;

DCF = Diclofenac; GMB = Gemfibrozil; TCS = Triclosan.

CFB NPX IBU DCF GMB TCS

INF max 40.3 9552.8 22043.0 445.0 3461.2 121.6

min <LOQ 3907.20 7098.3 208.3 323.0 20.8

median 28.5 6054.2 9665.8 289.2 1540.1 71.4

LF max 62.9 3024.0 3310.4 403.7 914.2 38.0

min 25.2 217.0 112.2 95.3 56.1 2.2

median 32.5 1027.0 1213.8 197.0 429, 0 9.2

removal – 83% 87% 32% 72% 87%

DF max 41.4 2419.0 2364.0 240, 0 685.1 20

min 24.8 146.0 67.0 78.0 60.2 <LOQ

median 30.3 942.0 737.0 154.1 374.0 10.0

removal 7% 8% 39% 22% 13% –

The integrated system (LF+DF) resulted in the removal of 100% Pb, 77% Cu,
75% Sn, 68% Ni, 57% Cd, 42% Zn and 26% Cr, whilst Cd and As, present at
very low concentrations, were not removed.

Several pharmaceutical and personal care products, including anti-
inflammatories (diclofenac, naproxen, ibuprofen), antidepressants (paroxetine, flu-
oxetine, citalopram), antibiotics (sulfametoxazol) and lipid regulators (clofibric
acid, gemfibrozil and triclosan), were selected as examples of emerging contami-
nants and analysed in the influent, LF effluent and LF+DF effluent. The results
obtained are collected in Table 5.4.

Values for sulfametazol, carbamazepine, paroxetine, citalopram and fluoxetine
are not depicted as they were in most cases below the limit of quantification.
As can be seen removal efficiencies for naproxen, ibuprofen, diclofenac, gemfi-
brozil and triclosan were generally higher in the Lumbrifilter ranging from 72%
to 87%. Ibuprofen (39%) and diclofenac (22%) were also significantly removed in
the Daphniafilter.

5.8 Performance of the 10 PE Daphniafilter Reactor
at the Indian Demo-site

Based on performance data from bench and pilot Daphniafilter experiments, as
well as the integrated LF and DF system, further integrated systems were installed
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at a number of INNOQUA demonstration sites to test performance under real
environmental and operational conditions. Operational difficulties were met with
at several of the demonstration sites due to the following key issues:

(i) Variable Lumbrifilter effluent sometimes being outside the target range for
use as influent to the Daphniafilter, causing repeated crashes of the Daphnia
populations;

(ii) Difficulties in establishing Daphnia populations during the start-up phase
and

(iii) Difficulties in establishing and maintaining populations at sites in colder
climates (e.g., Ireland and Scotland).

Further work at pilot scale is required to alleviate these issues. Despite these set-
backs there were successful demonstrations of the technology outside Spain. At the
demonstration site in Bengaluru (India), the Daphniafilter was operated under
extreme conditions, exceeding both recommended influent parameters and criti-
cal temperature ranges. The effluent from the Lumbrifilter was variable (associated
with a high level of variability in the raw wastewater). The average influent temper-
ature was 26◦C (with a range from 20.2◦C to 38.4◦C), considerably exceeding the
recommended optimum temperature for Daphnia of 20◦C (Schellenberg, 2020).
Even under these stressful conditions, the Daphniafilter achieved high removals
for the main quality parameters once a stable Daphnia population was reached
(Table 5.5).

Table 5.5. Average values and standard deviation of the quality parameters of the Lum-

brifilter (LF) and Daphniafilter (DF) effluents and removal percentage obtained in the

Daphniafilter unit of the INNOQUA integrated wastewater treatment systems installed at

Bengaluru (India).

TSS
(mg SS L−1)

BOD
(mg Oxygen

L−1)

COD
(mg Oxygen

L−1)

NH4- N
(mg NH4-N

L−1)

LF average, STD 271 ± 186 90 ± 76 371 ± 217 15.2 ± 8.5

max 615 300 803 37.0

min 36 14 86 2.7

DF average, STD 16.9 ± 11 10.5 ± 4.7 80.7 ± 16.8 8.9 ± 5.7

max 48 28 138 24

min 2 6 54 2.1

Removal average, STD 80.48 ±
24.14%

60.56 ±
24.4%

76.16 ±
17.61%

50.09 ±
22.64%

median 93.46 65.41 81.67 44.39
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Challenges with establishing and maintaining Daphnia populations across the
demonstration sites meant that there were fewer than expected opportunities to log
long term operational experiences. However at both the Spanish and Indian sites,
the growth of aquatic plants such as Lemna minor and Pistia stratiotes was observed,
and as daphnids require a certain amount of sunlight, some removal of these plants
had to be carried out to guarantee that the surface coverage did not exceed 75%.
Moreover, at the Spanish site accumulated solids were removed from the bottom of
the Daphniafilter 11 months after start-up. This operation was undertaken with a
simple siphon and neither required that the reactor be emptied nor impacted the
Daphnia population.

Overall, the Daphniafilter has been shown to require a low initial input of cap-
ital, principally related to the reactor itself, Daphnia (to inoculate the unit), and a
small dosing pump. The use of living organisms (i.e., zooplankton, Lemna, and
bacteria/microalgae biofilm) and the development of a self-sustained ecosystem
reduce the need for maintenance and technical assistance while requiring little
operational expenditure beyond electricity to operate the dosing pump. In fact,
no maintenance was required during the entire experimental period at the pilot site
in Girona, beyond siphoning of some accumulated sludge. It is important to main-
tain appropriate temperature and dissolved oxygen levels inside the reactor. The
oxygen provided by the passive (Venturi) aeration system was sufficient to avoid
anoxic conditions but could be further improved to achieve better effluent qual-
ity. Burying or semi-burying the reactor underground, as was done in Bengaluru,
might be a possible solution to the excessively high summer water temperatures in
warmer countries. The adaptive capacity of Daphnia also needs to be considered
further, particularly with regard to temperature, as successive generations of the
community may adapt to the specific conditions of the zooplankton-based reactor
environment (Yampolsky et al., 2013).

Members of the Cladocera order can be found in a wide range of different cli-
mates around the world (Serra et al., 2019a) and the selection of appropriate species
will be critical for the implementation of zooplankton-based reactors in hot coun-
tries as has been done in India where D. pulex was used (Schellenberg, 2020). Pro-
vided they are not completely eliminated, Daphnia populations can re-establish
very rapidly under optimum conditions. Where flow and HRT are within design
limits and additional turbulence due to shock loads is minimised, high removals of
carbon, nitrogen, bacteria and particles can be achieved.

The low energy consumption, minimal maintenance, absence of chemicals and
the small sludge production make the concept of the zooplankton-based reactor
presented here both eco-sustainable and economical. As this study has shown, this
alternative tertiary natural depuration system is able to provide reclaimed water
that is of a high chemical and biological quality for agricultural irrigation and other
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non-potable uses – but further beta testing under real conditions is required before
commercial implementation can be considered.
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Chapter 6

Tertiary Treatment: Microalgae-based
Wastewater Treatment

By Olga Tiron, Elena Manea and Costel Bumbac

6.1 Introduction

To address risks to environmental quality, nutrient limits in treated wastewater are
mandated by many countries and regions, particularly where the final effluent is to
be discharged into a water body. Various techniques are deployed to remove nutri-
ents in centralised wastewater treatment systems, including chemical dosing (for
phosphorus) and biological nutrient removal (for phosphorus and/or nitrogen).
These techniques are generally unsuited to decentralised wastewater treatment,
since they rely on process controls or chemical interventions that require specialist
training and frequent maintenance.

Tertiary treatment in decentralised systems instead relies upon nutrient uptake
by vegetation in constructed wetlands or swales (Al-Muyeed, 2017; Capodaglio,
2017), although phosphorus removal by adsorption in media filters is also possible
(Bunce et al., 2018). Microalgae offer the potential to intensify wetland treatment
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techniques, cultivated in bespoke reactors that maximise biomass productivity and
nutrient removal. Excess biomass can be periodically harvested for supply to sec-
ondary value chains.

This chapter outlines the development of microalgal technologies – from poten-
tial protein sources in the mid-twentieth century, through to their potential roles in
tertiary wastewater treatment, and barriers to their implementation in this applica-
tion (Section 6.2). Section 6.3 goes on to explore the interactions between microal-
gae and bacteria in attached-growth communities, before Section 6.4 considers
important operational aspects when exploiting the potential of these communities.
Section 6.5 outlines the development of the INNOQUA Bio-Solar Purification
(BSP) module from laboratory to pilot scale, presenting results from demonstra-
tion facilities in India, Peru and Spain.

6.2 The Potential of Microalgae Biotechnology

Microalgae biotechnology is a wide field of research with extended theoretical and
practical applications in multiple sectors (e.g., agriculture, pharmaceutical, food
industry, aquaculture, sanitation, bioenergy) and is gaining particular attention
in environmental and circular bioeconomy applications (e.g., wastewater treat-
ment, climate change mitigation) (Li et al., 2019; Haarich et al., 2017; Nagara-
jan et al., 2020). Following initial market developments based on soil-grown crops
and woody biomass, microalgal biomass may be considered a third-generation feed-
stock for the production of biofuels and bioproducts (Chowdhury and Loganathan,
2019). Microalgal biomass is increasingly seen as a feedstock that avoids many
of the economic and environmental disadvantages associated with cultivation
and processing of first and second generation feedstocks (Ubando et al., 2020;
Maity et al., 2014).

Multiple applications for microalgal biomass have been demonstrated at bench
and pilot scale, including biofuels, high-value chemicals (pharmaceuticals, cosmet-
ics, etc.), food supplements, bioplastic, as well as fertilisers (Hayes et al., 2017;
Khan et al., 2018; Javed et al., 2019; Patil and Kaliwal, 2019). However, full-
scale implementation of microalgae biotechnology has been limited, requiring fur-
ther development to improve economic feasibility in many applications and in
some cases to overcome social barriers regarding the origins of algal derivatives.
Key aspects of economic feasibility in all applications include cultivation, harvest-
ing and processing (de Carvalho et al., 2020; Tang et al., 2020). Social barriers
relate to acceptability of novel practices such as the supply of wastewater-cultivated
food-grade proteins (Matassa et al., 2015) as well as multiple regulatory restrictions
(Kehrein et al., 2020).



224 Tertiary Treatment: Microalgae-based Wastewater Treatment

6.2.1 From Opportunity to Implementation

Although the Venezuelan government developed the cultivation of phytoplankton
for industrial purposes and extraction of carotene compounds since the early 1930s
(Burlew, 1953; Jorgensen and Convit, 1953), it was during the second World War
(1939–1945) that widespread interest in microalgae biotechnology was prompted
by the need for new protein sources (Goldman, 1979). Chlorella spp. (mainly
C. pyrenoidosa, C. vulgaris and C. ellipsoidea) and Scenedesmus spp. were among the
first microalgae tested to show a high tolerance to varying environmental condi-
tions and thus potential suitability for large-scale use. Despite the high proportion
of target compounds in microalgae cells, lack of experience in microalgae cultiva-
tion meant that experimental studies were limited. However, by 1951, a pilot-scale
cultivation system had been implemented by the Carnegie Institution in the USA.
This specifically examined the influence of operational conditions (including those
determined by local environments) on microalgae growth rates (Cook, 1951). Sim-
ilar research investigations were also conducted in Germany, England, Israel and
Japan where microalgae species were tested in open pond systems or even closed
cultivation tubes (or ‘photobioreactors’) with increased biomass productivity being
the focus of much of the work. This progression is shown in Fig. 6.1.

Figure 6.1. The technical evolution of microalgae cultivation systems.

Developments in algal cultivation techniques coincided with growth in the con-
ventional agriculture sector, which caused a decline in interest in the food poten-
tial of microalgae. At the same time, their potential to remove nutrients as part
of domestic wastewater treatment began to be explored, with cultivation in large-
scale algal ponds (Oswald et al., 1955). In addition, it was proposed that excess
microalgal biomass from wastewater treatment processes could be used for methane
generation via anaerobic digestion (Meier, 1955; Oswald and Golueke, 1960).
The potential for positive impacts on both wastewater treatment and links to what
is now called the circular economy has prompted ongoing cycles of research and
commercial interest in this sector.
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Concepts to use microalgae for wastewater treatment generally exploit two
aspects:

• the symbiotic relationship between microalgae and bacteria, as primary pro-
ducers in natural trophic networks; and

• the ability of microalgae to consume inorganic nitrogen and phosphorus
from wastewater as an efficient mechanism to prevent or reduce downstream
eutrophication.

The core of the symbiotic relationship harnessed in the wastewater treatment
process is represented by a nutrient-support exchange between microalgae (which
ensure oxygen supply by phototrophy) and aerobic heterotrophic bacteria (which
provide macronutrients (mainly nitrogen and phosphorus) and inorganic carbon
(CO2) through degradation of organic matter) (Posadas et al., 2017).

Despite being easy to design and operate, open pond cultivation systems are
relatively deep (around 1 m) and host low microalgae concentrations (<500 mg/L)
which result in increased costs for biomass harvesting and dewatering, and low
organic matter removal efficiency (5–10 g BOD/m2 pond surface area.day). This
leads to relatively long hydraulic retention times (HRT) of between 10 and 40 days,
and thus larger systems. In general, wastewater as a nutrient medium can deliver
biomass productivity of up to 21 g/m2.day in an open pond system (Ozkan et al.,
2012). The depth of open pond systems can create a downward gradient in O2
concentrations, reducing algal efficiency and creating a requirement for mixing.

The efficiency of open pond systems was improved through the development
of high rate algal ponds (HRAPs) in the 1970s and 1980s. HRAPs are charac-
terised by a shallow depth (<0.5 m) and are equipped with a paddlewheel mixing
system which increases photosynthetic activity and organic matter removal effi-
ciency (around 35 g BOD/m2.d) (Muñoz and Guieysse, 2006). These characteris-
tics allowed HRT to drop below 10 days, while maintaining biomass productivity
of between 15 and 25 g/m2.d (Goldman, 1979). HRAPs also allowed the possibility
for selected colony-forming microalgae to be cultured, thus allowing decreased har-
vesting costs (Mehrabadi et al., 2015). However, despite proving their efficiency for
both domestic and agricultural wastewater treatment (Hoffmann, 1998), HRAPs,
as with open ponds, require a large land surface (ranging from around 6–10 m2

per person equivalent) which is about 50 times higher than conventional activated
sludge processes (Park et al., 2011; Acién et al., 2016).

Despite their relatively large land area requirements and low biomass productiv-
ity, cultivation ponds (open ponds and HRAPs) now account for more than 95%
of commercial microalgae biomass cultivation systems, due to their simplicity of
design and operation (Acién Fernández et al., 2013).
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The algal turf scrubber (ATS) is another configuration exploiting the potential
for algae to remove nutrients from water flows. Craggs et al. (1996) demonstrated
annual ATS removal of phosphorus from agricultural runoff and eutrophic lake
water of 0.73± 0.28 g P/m2.day, at an average periphyton productivity (microalgae
and bacteria alike) of 35 g/m2.day. Notably, the authors stressed the influence of
the diurnal variation of light on ATS performance, recording significantly reduced
nutrient removal efficiency at night.

Issues associated with mixing and oxygen gradients can also be overcome through
the use of thin layer reactors, developed in the 1960s (Doucha and Lívanský, 2006).
In comparison with open ponds, thin layer reactors typically operate at shallower
water depths (<0.05 m) which promotes photosynthetic and respiratory efficien-
cies, leading to higher biomass productivity (up to 55 g/m2.day) (Masojídek et al.,
2011) and lower hydraulic retention times (3–5 days) (Acién et al., 2016).

The theoretical maximum photosynthetic efficiency1 of microalgae is 9–10%
(Vecchi et al., 2020) compared to terrestrial plants of 1–2% (Peccia et al., 2013).
By using thin-layer reactors, a photosynthetic efficiency of 7% has been reported
in outdoor conditions (Doucha and Lívanský, 2006), although maximum efficien-
cies of 9% are thought possible in such scenarios (Doucha and Lívanský, 2009;
Morales-Amaral del Mar et al., 2015a). One of the main features of these reac-
tors is the slight slope applied to the surface (<3%) which prevents biomass set-
tling and avoids the use of mixing equipment – reducing energy consumption
(Acién Fernández et al., 2013).

Other ‘thin layer’ adaptations of algae-based technology include algal rotat-
ing disk (ARD) and rotating algal biofilm reactor (RABR) systems. The RABR
comprises rotating flexible belts that improve CO2 diffusion and ensure uniform
light exposure. One pilot scale study (8,000 L reactor) for photoautotrophic ter-
tiary wastewater treatment reported average total nitrogen and total phosphorus
removals of 14.1 g/m2.day and 2.1 g/m2.day, respectively, with biomass productiv-
ity (both microalgae and bacteria) of 31 g/m2.day (Christenson and Sims, 2012).

Photobioreactors also perform well when compared with open pond systems,
with biomass productivity of up to 47 g/m2.day (Brennan and Owende, 2010).
However, such reactors can have relatively high operational costs. Efficient mixing
is necessary to minimise biomass attachment to vessel walls, and to ensure good
nutrient and light distribution. This leads to energy demands that can be 15 times
higher than required for mixing in open pond systems (Ozkan et al., 2012). Other
important factors include manufacturing/construction costs and system mainte-
nance which will vary between technologies and applications.

1. That is, the proportion of energy in intercepted light that is converted to chemical energy via photosynthesis.
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6.2.2 Microalgae and Tertiary Wastewater Treatment

Conventional (centralised) wastewater treatment technologies are increasingly
energy intensive, and significant contributors of the GHG emissions within the
water industry as a whole (Mamais et al., 2015). Of the total energy consump-
tion required for wastewater treatment, aeration is the most energy-intensive pro-
cess, accounting for about 40–60% (Chae and Kang, 2013; Gu et al., 2017).
Furthermore, about 50% of the organic carbon from wastewater loadings is ‘lost’ as
CO2 during aerobic treatment (Muñoz and Guieysse, 2006) and there is growing
concern around N2O and CH4 emissions from these processes.

Reliance on aeration during conventional wastewater treatment serves to sign-
post one of the key attractions of combined microalgal–bacterial systems, in which
photoautotrophic metabolism can serve as an oxygen source for bacterial biomass.
Photosynthesis ensures oxygen saturation of more than 100% during the light
phase, and dissolved oxygen remains at between 30% and 50% saturation even
during dark periods (Tiron et al., 2015). Photosynthesis also acts as a temporary
sink for CO2, which can be accumulated by microalgae at an annual rate of around
2 kg CO2/kg biomass (Xiaogang et al., 2020).

Depending on influent loading, microalgae–bacteria biomass concentrations of
up to 1 kg/m3 wastewater can develop, around five times greater than could be
expected in a conventional activated sludge process (Acién et al., 2016). This leads
to an excess of microalgal–bacterial biomass that can serve as a feedstock for other
processes – whether bioenergy (through fermentative conversion to gaseous or liq-
uid biofuels) or higher value products, supporting the commercial development of
microalgae-based technologies and the wider bioeconomy.

The nutrient-accumulating characteristics of microalgae are another primary
consideration and can be leveraged in tertiary wastewater treatment systems to
reduce nutrient concentrations in final effluent more efficiently than conven-
tional chemically or biologically-mediated approaches. Liu et al. (2017) report
total nitrogen concentrations of less than 10 mg/L and total phosphorus concen-
trations of less than 1 mg/L in the effluent from a microalgal/bacterial system.
Luxury uptake of phosphorus by microalgae has also been demonstrated, suggest-
ing that lower discharge concentrations might also be possible, mirroring the pat-
tern seen in phosphate-accumulating bacteria (Khanzada, 2020). Through techno-
economic analysis, Chalivendra (2014) showed that the annual costs required for
inorganic nutrient (N/P) and heavy metal (Cr and Cd) removal by conventional
activated sludge processes could be decreased 7- and 26-fold, respectively, by using
microalgae.

To date, the potential for microalgae-mediated treatment has been tested on
a wide range of water and wastewater sources, including municipal wastewater;
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industrial effluents from food processing, textile manufacture, aquaculture and
livestock farming; acid mine drainage; centrate from anaerobic digestion; con-
taminated groundwater and contaminated surface waters (Wang et al., 2012; Van
Den Hende et al., 2014; Garcia et al., 2018; Zerrouki and Henni, 2019). Stud-
ies (mostly based on laboratory-scale work) have provided evidence for the utility
of microalgae for pollutant/nutrient removal; the microalgal–bacterial interactions
during wastewater treatment; economic advantages that could be obtained and the
wider economic potential for using wastewater to produce microalgae as a feedstock
for various high-value compounds and other commercial, industrial or agricultural
purposes.

Microalgal–bacterial biomass can be an efficient method for removal of cationic
heavy metals and specific toxic compounds (phenols, cresols, nitrophenols, etc.)
from wastewater (Surkatti and Al-Zuhair, 2018). Removal of dyes, polycyclic aro-
matic hydrocarbons and endocrine-disrupting compounds has been shown with
microalgae (Zhuang et al., 2020). According to a 2006 literature review (Muñoz
and Guieysse, 2006) microalgae cells can accumulate significant concentrations of
heavy metals (up to 192 mg/gbiomass) and sustain a high removal efficiency by
adsorption mechanisms (up to 114.2 mg/gbiomass·d), depending on species and
the metal being targeted. For example, the microalga Ulothrix spp. was tested for
heavy metal removal efficiency from acid mine wastewaters on a photo-rotating
biological contactor with a 24 hour hydraulic residence time (Orandi et al., 2012).
Initial metal concentrations ranged between 80 and 100 mg/L (Cu), 2–3 mg/L
(Ni), 35–45 mg/L (Mn), 18–20 mg/L (Zn), 0.005–0.007 mg/L (Sb), 0.03–0.04
mg/L (Se), 0.3–0.5 mg/L (Co) and 0.07–0.09 mg/L (Al). The study reported
removal efficiencies ranging between 20% and 50% with the following selectiv-
ity Cu>Ni>Mn>Zn>Sb>Se>Co>Al. The tolerance of other species (Chlorella
spp., Scenedesmus spp., Oscillatoria spp. and Nitzchia spp.) to heavy metals has also
been demonstrated (Acién et al., 2016).

Studies have also demonstrated that operational conditions impacted by pho-
toautotrophy (such as the increase in pH, temperature and oxygen values) can
prompt a decrease in populations of undesirable pathogens such as faecal col-
iforms (Ansa et al., 2012). Replacing mechanical with ‘biological’ oxygenation also
decreases risks of pollutant volatilisation (Muñoz and Guieysse, 2006).

6.2.3 Major Barriers to Market Adoption

Despite the many potential benefits of utilising microalgae in wastewater treat-
ment, scaling-up has faced several technical and economic challenges. Cost and
energy input linked to microalgae harvesting remains a significant issue – the eco-
nomic impact of this downstream process, for open ponds, being about 20% of
total cultivation costs (Davis et al., 2011; Fasaei et al., 2018).
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The harvesting problem comes from microalgae cell particularities, the most
commonly used species having a cell diameter lower than 30 µm and a cellu-
lar density similar to that of water (Granados et al., 2012; Wang et al., 2013).
Centrifugation, chemical flocculation, filtration and dissolved air flotation are some
of the most frequently applied harvesting techniques, each with their own advan-
tages and disadvantages. However, even where two or more harvesting techniques
are combined, microalgae removal efficiency rarely exceeds 95% (Tiron et al.,
2017). Furthermore, the remaining microalgae cells can impact effluent quality
and compromise system functionality. Moreover, high levels of retained moisture
in harvested biomass present challenges to downstream processing (Polizzi et al.,
2017; Khan et al., 2018), and commercial microalgal applications tend to focus on
high value functional characteristics or compounds (such as use in dietary supple-
ments or pharmaceutical formulation) that preclude their cultivation in wastewater
for reasons of perception, safety or quality management.

6.3 Microalgal–Bacterial Interactions

6.3.1 Overview

Microalgal–bacterial interactions within biofilms have gained significant recent
research attention. In a wastewater treatment context, photoautotrophic microal-
gae, through photosynthesis, provide the necessary oxygen supply for aerobic pro-
cesses (mainly organic matter degradation and nitrification). In turn, the macronu-
trients in the medium and/or supplied by bacteria (such as CO2, NH4

+, PO4
3−

and NO3
−) are used by microalgae for cellular growth (Fig. 6.2). Inorganic nitro-

gen can also be provided for microalgae by nitrogen-fixing bacteria, while bacteria
such as Pseudomonas spp., Bacillus spp. and E. coli are known to be excellent sources
of inorganic phosphate for microalgae (Zhang et al., 2020).

In addition to the bilateral exchange of macronutrients, growth-stimulatory
compounds can also be exchanged. For instance, bacteria can provide essential
microalgae cell growth compounds such as vitamins and hormones – while microal-
gae are producers of vitamins and hormones (Kiseleva et al., 2012; Kim et al., 2014)
that are important for bacteria. Given that over half of the known microalgae species
cannot synthesise essential vitamins required for their own cell development (Ful-
bright et al., 2018), this interspecies relationship is essential. Indeed, relationships
within the microalgal–bacterial phycosphere can be unidirectional (commensal-
ism), bidirectional (mutualism) and/or parasitic (Yao et al., 2019), exploiting three
main pathways: stimulation/inhibition of growth; quorum sensing communication
and gene transfer (Amin et al., 2012; Kouzama et al., 2015).
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Figure 6.2. Possible microalgae–bacteria interactions occurring in the biofilm structure,
the resulting effect on biofilm performance and stability, and factors influencing biofilm
efficiency during wastewater treatment.

These interactions and interdependencies can benefit growth rates of both bac-
terial and algal populations. For example, the presence of ‘microalgae-growth-
promoting bacteria’ can increase microalgal productivity by up to 70% (and vice
versa) (Ramanan et al., 2016). Kim et al. (2014) recorded an increase in the biomass
productivity of microalgae Chlorella vulgaris, C. reinhardtii, Scenedesmus spp. and
Botryococcus braunii by 70.3, 64.5, 92.7 and 59.6%, respectively, in co-culture with
Rhizobium spp. In turn, the presence of green microalgae increased development
of Rhizobium spp. by up to 7.8-fold. This positive effect is also seen in wastewater
treatment. By using Auxenonochlorella protothecoides and C. sorokoniana in winery
wastewater treatment, Higgins et al. (2018) recorded an up to 6-fold increase in
bacterial productivity. Toyama et al. (2018) reported an increase in productivity of
the microalgae C. reinhardtii, C. vulgaris and Euglena gracilis by 1.5, 1.8–2.8 and
2.1-fold, respectively, after 7 days of co-culturing with indigenous bacteria from
a swine wastewater effluent. The counterpoint to this is that there is also a range
of competitive effects between the different populations. These range from sim-
ple competition for essential micronutrients through to parasitism and even the
secretion of algaecides or bactericides (Zhang et al., 2020).
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Other interactions that can occur during microalgae–bacteria system develop-
ment – for example cell-to-cell interactions through quorum sensing communica-
tion and gene transfers – are less studied. Quorum sensing communication refers
to intercellular communication sustained by an exchange of signalling compounds
(such as lipid-based molecules, bacterial signalling molecules n-Acyl-homoserine
lactones (AHLs) and microalgae secondary metabolites (allelochemicals)) which
influence specific gene expression (Zhang et al., 2020) and have a stimulatory,
regulatory or inhibitory effect (Gross, 2009). This type of intercellular commu-
nication influences a population’s abundance and richness – and impacts on prac-
tical operational aspects relevant to such systems. For example, while Ramanan
et al. (2016) reported uncertainties around the mechanisms by which bacteria pro-
mote microalgal bioflocculation, Zhou et al. (2017) subsequently observed that in
the presence of the bacterial signalling molecules AHLs (extracted from activated
sludge), the microalga Chlorophyta spp. was stimulated to secrete specific aromatic
proteins which promoted self-aggregation of the biomass in flocs and increased the
efficiency of biomass settling by up to 41%.

Another possible interaction that could arise between microalgae and bacte-
ria populations is horizontal gene transfer. This kind of exchange is more likely
under stressful conditions, with transfers occurring from bacteria to microalgae.
The stability of such transfers varies tremendously, along with the eventual loca-
tion of transferred material and mechanism of expression within the receiving
cell, but there is evidence that such transfers have allowed eukaryotes to adapt to
changing environments – for example, where nutrients are limiting Husnik and
McCutcheon (2018). Although they provide insights into the adaptability mech-
anisms of microalgae and bacteria, the practical implications and applicability of
such transfers are as yet unknown, but could eventually support niche wastewater
treatment applications.

6.3.2 Advantages of Attached Growth Communities

Algae-based biofilms are characterised by dense, multi-layer biological structures
comprising a mixed population of microalgae and bacteria. Biofilm development
mainly occurs in two steps. The first step consists of biomass attachment onto a
support material through physico-chemical interactions (hydrophobic/hydrophilic,
acid–base interactions, etc.), the second step is characterised by the intervention
of secreted polymeric substances. The presence of bacteria increases the rate of
microalgal adherence through these two mechanisms, decreasing biofilm establish-
ment times and improving the stability of the biomass structure.

Attachment of microalgae–bacteria systems (defined as immobilisation on the
surface of the support material) leads to more complex biologic and metabolic
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Figure 6.3. Services provided by microalgae-based biofilm culturing systems.

networks compared with suspended biomass. Community composition, extracel-
lular physico-chemical attachment mechanisms and a wide range of operational
factors (technical, influent loading, laboratory/outdoor conditions, etc.), lead to
systems with different behaviours than those observed in suspended systems with
similar community composition. Hence, there is a need for advanced research on
interspecies relations, the influence of excreted metabolites on biomass functional
activities and treatment performance (involving physico-chemical mechanisms that
in turn sustain other biological functions). It is believed that quorum sensing com-
munication could have a high influence on biofilm development and stability, even
from the start-up stage, influencing both population size and species richness (Irie
and Parsek, 2008). Difficulties in comparing behaviours across previous studies
are further compounded by system design and operational differences that also
influence these parameters. However, it is unquestionable that attached-growth
microalgal–bacterial biofilms can deliver a number of services (Fig. 6.3), includ-
ing wastewater treatment, which are considered hereunder.

Chlorella spp. and Scenedesmus spp. are the most studied microalgae in biofilm
systems, being noted from around 40% of published studies in a recent review
(Zhuang et al., 2018). Compared with suspended growth cultures, the density of
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attached growth cultures can significantly decrease the operating land area required
(Christenson and Sims, 2012). This has important impacts on the economic anal-
ysis of biofilm reactors over (often more easily) operated (low-cost) open pond sys-
tems. As an example, in a study on microalgae cultivation Morales-Amaral del Mar
et al. (2015a) emphasised that even though costs for the operation of thin layer
attached reactors are almost four times higher than raceway suspended-growth reac-
tors, the difference between reactor productivity (45 g/m2.day vs. 24 g/m2.day)
substantially decreased the price for biomass cultured in thin layer attached reactors.
Biomass productivity per plan surface area can be further optimised by using multi-
ple layer reactors (Roostaei et al., 2018), applying different operational approaches
or different support material configurations. For example, Gross and Wen (2014)
obtained biofilm productivity of up to 18.9 g/m2.day by using a pilot-scale RAB
cultivation system in a vertical configuration.

Increases in biomass density can also improve photosynthetic efficiencies (par-
ticularly in the surface layers of a mixed community biofilm). When comparing
photosynthetic efficiencies of the microalga Scenedesmus spp. cultivated in diluted
centrate from anaerobic digestion under similar operational conditions, maximum
values of 9% were demonstrated in the thin-film attached-growth reactor, com-
pared with 5% in the suspended-growth raceway reactor (Morales-Amaral del Mar
et al., 2015a).

Harvested biofilm biomass also has lower water content than harvested sus-
pended biomass. Polizzi et al. (2017) report moisture levels of between 80% and
90% in scraped biofilm, which is comparable to that of centrifuged suspended cul-
ture. This point was also highlighted by Johnson and Wen (2010), who harvested
Chlorella spp. biofilm from a dairy wastewater treatment system and determined its
water content at around 94% – which was sufficient to avoid the use of a centrifuge
for preliminary dewatering. In culturing a Botryococcus braunii biofilm, Ozkan et al.
(2012) with a biomass productivity of 0.71 g/m2.day and a biomass density of 96.4
kg/m3, achieved a decrease in required dewatering energy requirements of 99.7%
during harvesting and post-harvesting steps.

Harvesting frequency is another important factor, with Johnson and Wen (2010)
reporting increased productivity and nutrient removal with shorter harvest intervals
(Table 6.1). They treated dairy manure wastewater with Chlorella spp. biomass in
laboratory conditions, with light irradiance of between 110 and 120 µmol/s.m2.

In terms of performance obtained for wastewater treatment, organic matter and
N and P removal efficiencies vary depending on factors such as the reactor design,
microalgae and bacteria species, influent loadings, harvesting period, etc. Although
it has been suggested that attached-growth microalgae–bacteria systems can sus-
tain higher wastewater treatment efficiencies when compared to suspended cul-
tures (Zhang et al., 2020), a recent review highlighted that only 10% of relevant
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Table 6.1. Biomass and nutrient removals at various harvest

intervals, as reported by Johnson and Wen (2010).

Harvest Intervals Days 6 10 15

Nitrogen (N) g/m2.d 0.77 0.59 0.39

Ammonium (NH4-N) g/m2.d 0.74 0.45 0.3

Phosphorus (P) g/m2.d 1.45 0.8 0.47

Biomass g/m2.d 3.5 3 2

publications included performance data from operations outside laboratory envi-
ronments (Zhuang et al., 2018). According to Zerrouki and Henni (2019), sev-
eral pilot-scale systems (only) using attached microalgae technology for wastewater
treatment are known to have been successfully implemented worldwide.

According to Acién et al. (2016), the theoretical maximum mean nitrogen
removal rate that can be achieved by microalgae biomass is 3.5 g/m2.d with
maximum mean biomass productivity of 50 g/m2.day. Boelee et al. (2014a)
recorded a removal rate of 3.2 g NH4-N/m2.day, 0.41 g PO4-P/m2.day and 43 g
COD/m2.day at an HRT of 4.5 hours when treating synthetic municipal wastew-
ater. Treating municipal wastewater in a 32 m2 pilot-scale thin-layer cascade pho-
tobioreactor (0.02 m water depth), Sánchez Zurano et al. (2020) recorded daily
removal rates of between 15 and 30.6 mg/L NH4-N, 1.8 and 5.6 PO4-P mg/L,
and 81 to 178.3 mg/L COD depending on seasonal variations; biomass productiv-
ity ranged between 28.3 and 47.3 g/m2.day. This equates to removals of 1.0–2.0 g
NH4-N/m2.day, 0.12–0.37 g PO4-P/m2.day and 5.4–11.9 g COD/m2.day.

Various supporting matrices have been trialled for algal biofilm wastewater
treatment processes – Adey et al. (1993) reported highest microalgae productiv-
ity (15–27g/m2.d) when treating agricultural run-off wastewater with biomass
attached to plastic screens – while Zhuang et al. (2018) found that cotton, poly-
carbonate and cellulose acetate were the most commonly used supports. Melo et al.
(2018) tested borosilicate glass, polyurethane foam, polyvinyl chloride, stainless
steel, polyethylene and polypropylene, reporting that PVC was the most appropri-
ate for culturing C. vulgaris on a rotating flat plate photobioreactor (RFPPB).

6.4 Operational Aspects

6.4.1 Biofilm Community Structures

Biodiversity (referring to community share and species richness) is an important
functional parameter that helps define biofilm characteristics and performance.
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A high microbiological diversity is associated with complex metabolic and inter-
species relations at the cellular level, and can increase biomass value, wastewa-
ter treatment performance outcomes and economic and environmental impacts.
In other cases selected or engineered biodiversity (e.g., through inoculation) can
enhance removals of targeted pollutants, increase biomass value (for further use
as a feedstock for energy production or co-product extraction), or even harvesting
efficiency (by using self-aggregating/colonial species or large cell size microalgae).
As is the case in suspended microalgae–bacteria cultures, filamentous microal-
gae play an important role in biomass attachment efficiency, density and har-
vesting – and are specifically targeted for implementation of ATS technologies
(Adey et al., 2011).

Identifying factors that can limit the presence of undesirable communities is
important in ensuring biofilm efficiency. These factors include (Doucha and Lívan-
ský, 2006):

• Pathogenic viruses and bacteria
• Fungi
• Grazers (protozoa and rotifers) and other predators
• Undesirable microalgae species and some cyanobacteria

Compared to suspended-growth microalgae–bacteria cultures, high physical
density within biofilm structures can decrease the risk of culture contamination
with unwanted communities (Doucha and Lívanský, 2006). In general, it is far
more complex and challenging to maintain ‘desired’ populations in uncontrolled
large-scale applications, as community structures undergo significant changes over
time due to the impacts of wastewater physico-chemical and biological character-
istics, and wider environmental conditions (Carney et al., 2014).

Diverse biofilm structures contain microalgae species with different trophic pat-
terns (photoautotrophic, heterotrophic and mixotrophic) (Roostaei et al., 2018).
Depending on insolation levels, conditions suited to autotrophic and mixotrophic
microalgae can occur. Under such conditions, the carbon source (e.g., wastewa-
ter) can be assimilated by both heterotrophic bacteria and mixotrophic microal-
gae, potentially increasing wastewater treatment efficiency. Mixotrophic growth
also has a positive effect on microalgae cell lipid content, which can be important
when this is a target for downstream processing/valorisation (Zhan et al., 2017).
Mixotrophic growth has been found in a large number of microalgae, includ-
ing C. vulgaris, C. regularis, Spirulina platensis, Haematococcus pluvialis, E. gra-
cilis, Nannochloropsis spp., Arthrospira spp., Synechococcus spp., Anabaena spp.,
Phaeodactylum spp., Botryococcus braunii, Tetraselmis spp., Scenedesmus spp. and
Desmodesmus spp.
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It is also important to note that some microalgae (e.g., Chlorella spp.) are
capable of nitrification (Gerardi, 2002). Between ammonium and nitrate nitro-
gen sources, it is assumed that microalgae will assimilate ammonium rather than
nitrate compounds due to lower energy requirements for synthesis. However, the
preference for one or another nitrogen source varies even within the same genus
(Liu and Chen, 2016).

Several methods are commonly used to identify and quantify microorganisms
(such as microscopy, fluorescence and PCR/qPCR). In recent years, alternative
methods have been proposed for rapid in vivo assessment of microalgae commu-
nities (and their competitors/predators), such as spectroradiometric monitoring
(Reichardt et al., 2020). These emerging techniques should allow biofilm struc-
ture and characteristics to be more carefully monitored and controlled, allowing
wastewater treatment processes to be further optimised.

6.4.2 Light Irradiance

Alongside other operational parameters, light represents an important driving fac-
tor in autotrophic cultivation as it controls photosynthetic activity, and thus oxygen
supply – and is closely linked to biofilm productivity.

Photosynthetically active radiation varies with season and latitude but an aver-
age of around 1800 µmol/m2.s reaches the surface of the earth on sunny days
(Masojídek et al., 2014). However, photosynthetic activity only increases with light
intensity to a certain level (light saturation level) which is around 1/10th of maxi-
mum irradiance (Torzillo et al., 2010). Prolonged exposure to excessive irradiance
can lead to photoinhibition, through damage to photosynthetic structures within
algae (Nikolaou et al., 2015). Different microalgal species have different strategies
to counter photoinhibition – including lipid accumulation and secretion of car-
bohydrates – allowing them to become photo-acclimatised (Nikolaou et al., 2016)
and (Ramanan et al., 2016).

Determining mechanisms of photo-acclimatisation in biofilm structures is com-
plicated by the physical arrangement of mixed microalgal and bacterial commu-
nities – which can lead to physical shading of algae by bacteria (Schnurr et al.,
2016), although the mechanisms of light distribution within biofilms require fur-
ther research (Wang et al., 2015). Although provision of uniform irradiance across
and within biofilms might be perceived as useful for maximising photosynthetic
productivity, this may not be required or desirable in wastewater treatment appli-
cations where chemolithotrophic bacteria use nitrate as an energy source. Indeed,
relationships between irradiance, photoperiod and biofilm community and physi-
cal structure must all be considered in the context of the wastewater being treated –
and the objectives of that treatment.
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6.4.3 Flow Velocity and Turbulence

Another important parameter to be considered during biofilm development is the
flow velocity and turbulence as this influences shear stress, diffusion processes and
biofilm stability. The impacts of flow velocity and turbulence can be technology-
specific but in one study which looked at this issue González et al. (2008) reported
that a flow velocity of 0.4 m/s resulted in biofilm disintegration and compromised
treatment performance, particularly in terms of COD removal efficiency. In this
study a flow velocity of less than 0.1 m/s was required to ensure biofilm stability.

6.4.4 pH

One of the challenges that arises during microalgae cultivation is control of pH,
which is impacted by photosynthetic phenomena (as well as biochemical wastew-
ater treatment processes). In general, organic carbon degradation and nitrification
processes will reduce pH through destruction of alkalinity and production of CO2
whereas denitrification processes or nitrate uptake by microalgae will restore some
of this lost alkalinity (for example, through simultaneous cellular OH− release).
However, nitrification may be reduced where microalgae compete with nitrifying
bacteria for ammonium.

The impacts of pH vary between microalgae cultivation systems. For example,
axenic microalgal cultures can sustain a high increase in pH value due to the absence
of bacterial activity. Meanwhile, the presence of bacterial populations can have
a strong buffering effect on pH, limiting its increase during microalgae activity.
A high pH value (mainly higher than 9) can lead to increased ammonium removal
through volatilisation, while higher pH values also favour phosphate precipitation
with Ca/Mg or autoflocculation phenomena (Muñoz and Guieysse, 2006).

6.4.5 Wastewater Nutrient Loads

One of the factors which influences nutrient removal efficiency is the ratio between
nitrogen and phosphorus concentrations (N:P) in the influent. Although developed
during studies on marine phytoplankton, the Redfield ratio (C:N:P – 106:16:1) is
commonly used as the basis for microalgal cultivation (Smith et al., 2017). How-
ever, the N:P ratio of microalgae biomass is species-specific, and ranges from 8N:1P
to 45N:1P (Hecky et al., 1993). Wastewater influent can comprise wide varia-
tions in nutrient concentration (both within treatment plants and between various
wastewater types) with ‘ideal’ compositions rarely occurring. This drives the gen-
eral adoption of nutrient-specific processes. Microalgae have been shown to alter
their nutrient composition at a cellular level in response to varying nutrient con-
centrations in their host environment (Whitton et al., 2016), a feature which can
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be leveraged in wastewater treatment applications. Where the composition of influ-
ent is stable, correlations between nitrogen and phosphorus removal efficiency and
biomass productivity can be established (Morales-Amaral del Mar et al., 2015a).
However, if the target of a tertiary treatment process is to deliver final effluent of
particular nutrient characteristics (for example, to meet regulatory limits), then tai-
loring of the influent nutrient load and/or optimisation of the biofilm community
structure may be required (Sadatshojaei et al., 2020).

Zhuang et al. (2020) observed that attached microalgae biomass responds less
to the presence of nitrate sources than to organic carbon, phosphate and ammo-
nium (they also reported removal efficiencies ranging between 78.2% and 93.2%
for all of the measured parameters: COD, TN, TP, NH4-N and PO4-P). At a cer-
tain concentration (usually above 100 mg NH4-N/L, although the precise response
is species-specific), ammonium-nitrogen can be toxic to microalgae biomass. For
example, Morales-Amaral del Mar et al. (2015) found concentrations above 192
mg NH4-N/L decreased Scenedesmus spp. productivity when cultured in diluted
centrate from anaerobic digestion.

6.4.6 Environmental Conditions

The performance of attached microalgae–bacteria cultures used for wastewater
treatment under laboratory conditions will generally be different from onsite pilot
or full-scale tests and thus it is being important to test the biofilm behaviour in
environmental conditions that are as similar as possible to the intended final appli-
cation. For instance, decreases in nutrient removal efficiency (of between 1- and
3-fold) and biomass productivity (of between 10- and 13-fold) as well as modifica-
tion of the community structure were noted by Van Den Hende et al. (2014) when
upscaling a novel wastewater treatment technology from indoor lab-scale reactors
to outdoor conditions. Boelee et al. (2014a) also noted differences in process effi-
ciency when municipal wastewater was treated in a pilot-scale biofilm reactor under
real conditions, as compared with treatment at bench scale. They speculated that
light and temperature were the possible limiting factors. Bacterial communities can
also undergo changes during scaling-up, even between small to medium and large
systems operated under the same outdoor conditions (Fulbright et al., 2018).

Even where inoculated with target biomass, biofilm community diversity can
undergo multiple changes during the start-up stage. As a result, it is encouraged
to use microalgae species with a high tolerance to stressful operational factors such
as Dunaliella salina, which is found frequently in open pond systems (Xiaogang
et al., 2020). Similar shifts in community structure and diversity have also been
noted from systems inoculated with native biomass (Sekar et al., 2004) significantly
increasing start-up periods (Liu et al., 2017).
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Recently, a tool based on photo-respirometry models has been proposed which
can enable estimation of algae–bacterial growth rates in different environmental
conditions (Rossi et al., 2020). The method proposed is designed to allow for fast
and reliable calibration of algae–bacterial growth models as a function of environ-
mental conditions, and optimal growth conditions can be identified for different
algae strains. The tool leverages a standard photo-respirometric model calibration
protocol and has been validated in an HRAP system treating digestates.

6.4.7 Harvesting Frequency

In contrast to the various methods available for harvesting biomass from suspended-
growth systems, published literature suggest that a simple scraping approach is the
only applicable method for biofilm harvesting. Questions then arise as to optimal
harvest frequency. If biofilm harvesting occurs after the exponential growth phase,
treatment performance can decrease significantly as a result of senescence within the
film. Dead cells and a destabilised phycosphere can contribute to increased organic
carbon and phosphorus concentrations (Jiang et al., 2007). Other consequences of
late biomass harvesting are an increase in biofilm thickness and density with a neg-
ative effect on photosynthetic activity, increased ash content, biofilm detachment
that can negatively impact effluent quality (by increasing turbidity) and the immi-
gration of predators, with their direct impacts on biofilm biodiversity and stability.
Furthermore, bacteria have different growth rates to microalgae, meaning that in a
mixed culture system – even where microalgae have entered a stationary or decline
phase – a significant increase of the bacterial growth rate can still occur through con-
sumption of metabolites and other nutrients released from the microalgal biomass.
This can lead, in turn, to destabilisation of the trophic network and compromise
system functionality. On the other hand, harvesting immature biomass that has yet
to reach its metabolic peak will reduce treatment performance.

Although optimum biomass harvesting frequency is species-dependent, the
usual rule of thumb is to use an interval of between 7 and 14 days (Siville et al.,
2020).

6.5 INNOQUA Microalgae-based Module

Within the INNOQUA system, the microalgae-based bio-solar purification (BSP)
unit is the module designed for polishing lumbrifilter (primary and secondary
treated) effluent in mild climates with high insolation. It can provide an addition or
an alternative to other tertiary treatment technologies, before disinfection and/or
wastewater discharge and reuse.
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The focus of the INNOQUA project was decentralised wastewater treatment
applications, and thus cost and maintenance efficiency were key considerations.
The module developed was an open thin layer cascading photobioreactor, whereby
the influent was fed to the reactor during daytime and a recirculation pump was
employed to ensure the required exposure of wastewater to sunlight with an over-
flow mechanism for effluent from the recirculation tank.

6.5.1 Laboratory Scale Testing

This concept was developed and tested at laboratory scale in the Environmental
Technology department of ECOIND (a public research and development organi-
sation based in Romania). The laboratory systems were developed to:

(i) Assess the influence of platform design (cascade vs. single platform –
Figs. 6.4 and 6.5) on performance;

(ii) Assess the influence of water depth (1 cm and 5 cm) on reactor
performance;

(iii) Establish stable operation and assess potential treatment performances of
this treatment step prior to pilot scale development and

(iv) Evaluate biomass-specific growth and its impact on effluent suspended
solids.

6.5.1.1 Materials and methods

The experimental apparatus comprised two photobioreactor configurations (with
one configuration run simultaneously at two different water levels) each with the
same total platform area and capacity of 10 L. All reactors were run in duplicate
and all run in parallel:

– Double cascade reactors with two platforms each with an average water layer
depth on the platform of approximately 5 cm (Fig. 6.5a);

– Thin layer cascade reactors with two platforms each with an average water
layer depth on the platform of approximately 1 cm (Fig. 6.5b) and

– Single platform reactors with an average water layer depth of approximately
5 cm (Fig. 6.5c).

All experiments were performed at laboratory scale and used synthetic wastew-
ater designed to replicate secondary treated municipal or domestic wastewater.
The reactors were fitted with individual feeding pump and recirculation pumps
and illuminated artificially using LED photosynthetic light sources. The experi-
ment used photoperiodicity of 12 hours light and 12 hours darkness at 12,000
lumens/m2 and a hydraulic loading rate of 250 L/m2.day. All experiments were
performed at room temperature (22± 5◦C).
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Figure 6.4. Laboratory set-up (front view – left; back view – right).
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Figure 6.5. Laboratory reactors (a) double cascade photobioreactors, (b) thin layer cas-
cade photobioreactors and (c) single platform photobioreactors.

6.5.1.2 Results and discussion

During steady-state operation, removal efficiencies averaged 70% COD, 80% TN
and 60% TP with limited influence of platform design. However, the average spe-
cific surface removal performances varied between each reactor type and are sum-
marised in Table 6.2. In all cases the remaining effluent COD was mainly associated
with biomass washout (i.e., related to effluent TSS) as the residual COD in filtered
samples was below 20 mg/L.

As shown in Fig. 6.6, during the first two weeks the effluent COD concentrations
were relatively high which corresponds to suspended growth of microalgae and par-
tial biomass washout in the effluent – reflected as particulate COD. However, after
these two weeks, the biomass developed as a mixed microalgae–bacteria biofilm on
the platforms and effluent TSS concentrations were relatively low (Fig. 6.7).
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Table 6.2. Specific average mass removal of main contaminants (g/m2.day).

Total Nitrogen Removal Total Phosphorus Removal COD Removal
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Thin layer
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platform
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Figure 6.6. COD concentrations and removal performances for each of the tested plat-
forms designs. Note: A is the average data from the double cascade photobioreactors,
B the thin layer cascade photobioreactors and C the single platform photobioreactors.
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Figure 6.7. TSS concentrations in the effluent of laboratory scale units. Note: A is the
average data from the double cascade photobioreactors, B the thin layer cascade pho-
tobioreactors and C the single platform photobioreactors.

In general, the cascading platform approach with recirculation was conducive
to conditions for good biomass growth and good treatment performance. How-
ever, in these configurations biomass accumulation requires the need for regular
harvesting and maintenance. For the laboratory scale experiments we observed that
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Figure 6.8. Nitrogen and phosphorus removal efficiencies in the lab-scale BSP units.
A = double cascade photobioreactors; B = thin layer cascade photobioreactors.

the excess biofilm which detached and accumulated on the platforms needed to be
removed periodically to avoid biomass decay and nutrient re-solubilisation within
the system (Fig. 6.8). The frequency of biofilm detachment and biomass harvest-
ing was dependent on biomass growth rate, which was in turn dependent on the
quality of influent (quantities of nutrients introduced). Other authors have sug-
gested that in phototrophic biofilm photobioreactors used for effluent polishing
as part of wastewater treatment, the average biomass production rate is approx-
imately 7 g dry weight m−2 day−1 while the harvesting frequency should be at
least twice a month – as the biofilm starts to spontaneously detach after two weeks
(Boelee et al., 2014).

Phosphorus removal performance was most affected by biofilm accumulation
and decay – and harvesting twice a month had to be considered to avoid excess
biomass accumulation resulting in decay and unstable phosphorus removal perfor-
mance (Fig. 6.8).

6.5.2 Pilot-scale Testing

Based on lab-scale performance data, the BSP system was designed as a cascading
photobioreactor. In addition to performance, the choice of the double platform
system also had the advantage of simple and rapid manufacturing (allowing local
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materials to be used to create an easily handled system that was simple to maintain
and adapt).

Pilot-scale BSP units were tested in Spain by the University of Girona, in India
by BORDA (Bengaluru) and in Peru by the Catholic University of Santa Maria
(Arequipa) (Fig. 6.9).

Each installed system comprised two platforms (each of which had a 2 m2 surface
area) in a cascade sequence. Each system comprised the platforms (constructed from
polypropylene), a recirculation tank, a feeding pump and a corresponding recircu-
lation pump. The module was designed to treat 1 m3 of effluent from a lumbrifilter
per day. The modules were self-inoculated with local microflora – either microal-
gae from ponds/lakes/rivers or local cultures. The start-up duration for each site
varied from 1 week to 1 month depending on inoculation technique and amount
of inoculum used.

Figure 6.9. Pilot-scale BSP modules of the INNOQUA system installed in India (left) and
Peru during inoculation (right).

Table 6.3. Average concentrations of Lumbrifilter influent

and effluent and BSP effluent, and the process efficiencies

for each treatment step and global efficiency of an inte-

grated LF+BSP system.

TSS BOD COD NH4-N TP

Average concentrations (mg/L)

LF influent 2,190 1,165 2,242 104 23.8*

LF effluent 271 90 371 15.2 15.1*

BSP effluent 224 30 183 3.2 6.48

Process efficiency (%)

LF 87.63 92.27 83.45 85.38 36.55

BSP 17.34 66.67 50.67 78.95 57.09

LF+BSP 89.77 97.42 91.84 96.92 72.77

*Composite sample on the 8th of September 2020.

In each case, the removal rates for key parameters by lumbrifiltration averaged
about 80% for TSS, COD, BOD and NH4

+-N (Table 6.3). The addition of the
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BSP polishing step increased average performances close to 90% for COD and
BOD, and above 90% for TSS and ammonium nitrogen. At these sites, excess
biomass removal was required approximately once every two weeks.

As a general conclusion, the BSP module as developed within the INNOQUA
system requires regular biomass harvesting and maintenance, making it unlikely to
be suitable for low-intervention decentralised applications. However, the concept
as developed here could be readily adapted for tertiary treatment at a suitably staffed
centralised or semi-centralised wastewater treatment facility.

6.6 Conclusions

For more than half a century, microalgal biomass has been investigated as a poten-
tial feedstock for advanced generation of biofuels and high-value compounds, and
also as an important contributor to sustainable solutions for emerging problems
derived from human activities such as climate change, ecosystem pollution and
sanitation. During this period, microalgae-based technology has undergone a con-
stant evolution, with improved knowledge of the performance of different culti-
vation approaches and selection of target species, as well as identification of those
economic sectors with high environmental impact and energy consumption (such
as wastewater treatment) where microalgae could make an important contribution.
However, technological limits – such as those related to costs, biomass harvesting
and cultivation – and the fact that most studies have been conducted at the labo-
ratory level, mean that research remains necessary.

The characteristics of photoautotrophic microalgae make them suitable for a
number of wastewater applications – their ability to utilise dissolved nutrients sup-
ports rapid development of biomass while reducing nutrient loads in final effluents,
and their productivity generates oxygen that can be utilised by bacteria to break
down dissolved organic pollutants. When combined, these attributes can (poten-
tially) lead to significant reductions in energy and chemical usage in wastewater
treatment, whilst simultaneously delivering valuable ecosystem services, increasing
sustainability and (even) produce biomass with significant potential in the wider
bioeconomy.

Both suspended and attached-growth microalgal–bacterial cultures have been
examined, with the latter offering simpler/cheaper opportunities for biomass
harvesting that could lend themselves to decentralised wastewater treatment
approaches. Microalgal biofilms were at the heart of the INNOQUA BSP mod-
ule, targeted at treatment of secondary wastewaters from lumbrifilter systems.
The BSP module has been demonstrated to be a feasible polishing step for this
effluent at both laboratory and pilot scales, using real wastewater with site-specific
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characteristics. However, before it can be considered ready for commercial deploy-
ment, the BSP module requires further optimisation and field testing to better
understand maintenance requirements and thoroughly assess its suitability for use
in decentralised applications. Although developed within INNOQUA as a tertiary
treatment solution, microalgal–bacterial communities also have potential for deliv-
ery of primary or secondary wastewater treatment. Current research is exploring
the fundamental aspects to support such applications.
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Chapter 7

Disinfection Options for Decentralised
Wastewater Treatment Introduction

By Ziye Dai

Removal of pathogenic microorganisms can represent a key challenge for
decentralised wastewater treatment solutions (Naughton and Mihelcic, 2017).
Although conventional mechanical and biological treatments that aim for chem-
ical contaminant removal can also reduce pathogen content, they are not normally
designed to reduce pathogen loads to a safe level for treated wastewater discharge to
water bodies and other sensitive areas, use in irrigation, recreation, or reuse as drink-
ing water (Momba et al., 2019; UK Government, 2013; USEPA, 2012). In such
cases, dedicated microorganism removal or inactivation treatments are required
to adequately disinfect treated wastewater. Disinfection is the killing of infectious
agents outside the body through direct exposure to chemical or physical agents. In
a wastewater context this is typically via the use of ultraviolet light (UV), chlorine,
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ozone and other methods. Decentralised wastewater treatment systems are often
deliberately deployed where resources for operation, monitoring and maintenance
are lacking – which means that disinfection options for decentralised wastewater
treatment need to be low in technological complexity, energy demand, cost and
maintenance (Naughton and Mihelcic, 2017).

This chapter gives a background to the key pathogens in wastewater and asso-
ciated discharge standards (Section 7.1). Section 7.2 introduces conventional dis-
infection methods used in wastewater treatment, while Section 7.3 examines the
economic feasibility of two possible approaches to disinfection in decentralised
wastewater treatment. Finally, Section 7.4 considers the disinfection approach and
performance demonstrated by the INNOQUA project.

7.1 Introduction

Wastewater commonly contains a range of hazards that can lead to problems in the
receiving environment. These hazards include chemical substances (such as phos-
phorus that can lead to harm through eutrophication, and a wide range of organic
compound contaminants that can directly impact flora and fauna) and pathogenic
microorganisms (including enteric bacteria, viruses and protozoan cysts) that are
associated with human diseases (Chahal et al., 2016; USEPA, 2003). Removing or
inactivating pathogenic microorganisms helps to lower public health and environ-
mental impacts from discharged wastewater and furthermore helps protect local
potable water sources. Table 7.1 shows the infectious microorganisms potentially
present in untreated domestic wastewater, and the diseases that can result from
contact with humans (e.g., through the environment, water or food pathways).
Table 7.2 shows typical concentrations of various organisms that can be expected
in raw domestic wastewaters. At a household level, black water (containing faecal
material from toilet flushing) has higher pathogen loadings than grey water. The
latter may also contain disinfectants that reduce pathogen loads (Bogler et al., 2020;
Eregno et al., 2018).

Expressing population levels and removal rates for microorganisms requires dif-
ferent mathematical units than those used for chemical contaminants. Colony-
forming units (CFU) or most probable number (MPN) counts are typically used
to enumerate populations (or ‘concentrations’), (Beckley et al., 2014). To measure
CFU, serial dilutions of the sample under test are plated onto an appropriate growth
medium such as agar which is then incubated under defined conditions for a defined
duration. The number of separate colonies is then counted and (depending on the
initial dilution) back-calculated to give the starting population. For MPN measure-
ment, serial dilutions of the sample are added to a liquid medium (e.g., multiple



258 Disinfection Options for Decentralised Wastewater Treatment

Table 7.1. Infectious microorganisms potentially present in untreated domestic

wastewater. Adapted from USEPA (1999a) and Chahal et al. (2016).

Types Organisms Diseases Caused

Bacteria Campylobacter jejuni Gastroenteritis

E. coli Gastroenteritis

Salmonella spp. Salmonellosis, typhoid, paratyphoid

Vibrio cholerae Cholera

Protozoa Balantidium coli Balantidiasis

Cryptosporidium parvum Cryptosporidiosis

Giardia lamblia Giardiasis

Toxoplasma gondii Toxoplasmosis

Viruses Adenovirus Upper respiratory infection and gastroenteritis

Astrovirus Gastroenteritis

Coxsackie virus Meningitis, pneumonia, fever

Echovirus Meningitis, paralysis, encephalitis, fever

Hepatitis A virus Infectious hepatitis

Hepatitis E virus Infectious hepatitis, miscarriage and death

Human calicivirus Epidemic gastroenteritis with severe diarrhoea

Rotavirus Gastroenteritis

Table 7.2. Typical concentrations of various organisms expected in raw domestic wastew-

ater.

Total Faecal E. coli Enterococci
Coliforms log10 Coliforms log10 log10 log10

cfu/100 mL cfu/100 mL cfu/100 mL cfu/100 mL References

7.50–7.70 7.10–7.30 N/A 5.62–6.36 Kay et al. (2008)

N/A 7.10–8.00 7.00–7.49 6.71–7.18 Contreras et al. (2017)

7.00–10.00 6.00–9.00 7.00–8.00 5.00–7.00 Momba et al. (2019)

tube fermentation/Colilert), which is then incubated under defined conditions for a
defined duration. Positive wells/tubes are then counted, and a statistical conversion
is applied to derive the estimated starting population. Although derived in differ-
ent ways, MPN and CFU data can be considered broadly equivalent. Since the
number of microorganisms in a sample is normally significant, counts and removal
are usually presented in terms of log base 10 (FAO/WHO, 2016). Thus a starting
population of 1 million CFU would be presented as 1 × 106 CFU. Likewise a
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million-fold removal (from 109 to 103 or 99.9999%) would be presented as a 1 ×
106 reduction.

7.1.1 Indicator Bacteria

As shown in Table 7.1, wastewater can contain various types of bacteria, viruses
and protozoa. It is not usually practical to analyse all of them to develop a detailed
microbiological profile of the wastewater. Standards, regulations and guidance
instead tend to use faecal indicator bacteria (FIB) to provide an overall view of the
presence of pathogens (Momba et al., 2019). These bacteria are typically present in
the gastrointestinal tract of humans and animals, and contaminate the environment
in faecal material. Commonly-used FIB are described in the following sections.

Total coliforms and faecal coliforms

Total and faecal coliforms are Gram-negative facultative anaerobic bacteria that
are rod-shaped and non-spore-forming. The two categories are distinguished from
one another by their response under laboratory conditions, with total coliforms
being capable of fermenting lactose to acid and gas within 48 hours at 35◦C while
faecal coliforms comprise a thermo-tolerant subset, capable of fermenting lactose
within 24 hours at 44◦C (Harwood et al., 2017). Although there are requirements
to measure total coliform populations in various wastewater related standards, reg-
ulations and guidance, it should be noted that there is no quantifiable relationship
between this group of bacteria and pathogens in wastewater – as these organisms
can be found in non-faecally-contaminated water and soils (Von Sperling and De
Lemos Chernicharo, 2005). Faecal coliforms are associated with wastes of human
and animal origin, but may also be found in non-faecal material (Cabral, 2010).
Thus total and faecal coliform measurements should only be taken to infer possible
faecal contamination of the sample under test and are only broadly suggestive of
the presence of pathogenic organisms (Harwood et al., 2017). These uncertainties
have prompted some countries and organisations, such as New Zealand and the
European Union, to substitute Enterococci and E. coli for total and faecal coliform
measurements as the preferred FIBs (Harwood et al., 2017).

Escherichia coli

E. coli is a faecal coliform. The majority of E. coli strains are harmless, but some
are pathogenic, for example, E. coli O157 H7 can cause intestinal and urinary tract
infections (Scheutz and Strockbine, 2015). Compared to total and faecal coliforms
which can originate from non-faecally-contaminated sources, E. coli is a more spe-
cific indicator as it originates exclusively from humans and other warm-blooded
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animals (DWFA, 1996). It has been estimated that more than 90% of the col-
iforms in human and animal faeces are E. coli ((Hurst et al., 2007). Thus, E. coli
is a good indicator of faecal pollution and, furthermore, the detection of E. coli is
relatively easy. For these reasons, key organisations such as the United States Envi-
ronmental Protection Agency (USEPA), European Union (EU) and World Health
Organization (WHO) use E. coli for regulatory and assessment purposes (EEC,
2006; USEPA, 2012; WHO, 2006a).

Although a robust indicator, E. coli can have drawbacks under certain condi-
tions. Good FIBs need to have a consistent relationship with pathogens at any
time, after any treatment – but in tropical environments E. coli can tolerate or even
reproduce substantially at high temperatures while pathogens of concern might not
(Desmarais et al., 2002; Harwood et al., 2017; Solo-Gabriele et al., 2000; Winfield
and Groisman, 2003). E. coli are also more sensitive than other pathogenic bacte-
ria, viruses and protozoa to inactivation via disinfection processes (Harwood et al.,
2017; Sinclair et al., 2009). Hence, in some cases, the actual pathogen level post-
disinfection could be higher than the value as indicated by E. coli. Therefore, while
E. coli is generally robust as an FIB, data should always be treated with caution and
confirmatory checks made with other organisms where required.

Intestinal enterococci

Intestinal enterococci are those members of the genus Enterococcus found in the
human intestine, most commonly Enterococcus faecalis (Harwood et al., 2017;
Schleifer and Kilpper-Bälz, 1984). Intestinal enterococci are not as sensitive as
E. coli to inactivation via disinfection processes such as chlorination, and even
though they may also originate from sediments and soils, they are considered as
a reliable FIB alongside E. coli for indicating the level of faecal pollution and the
efficacy of disinfection (Harwood et al., 2017).

FIBs used in different countries and organisations

Different organisations and countries use different FIBs in their standards for reg-
ulatory control or guidance relating to the microbial quality of treated wastewa-
ter and (in some cases) the receiving environment. Some of these are shown in
Table 7.3.

7.1.2 Standards, Regulations and Guidance for Recreational
Waters and Irrigation

Regulations and guidance regarding the reuse of treated wastewater for discharge
to recreational waters or use in irrigation have been set by various organisations,
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Table 7.3. FIB used in different standards, regulations and guidance of the microbial

quality of the treated wastewater and the surface wastewater. Adapted from Harwood

et al. (2017).

Areas Regulatory Uses FIB Used

El Salvador Wastewater discharged to the
environment

Total coliforms; Faecal coliforms

Kenya Effluent discharge to the
environment; wastewater use in
agriculture; recreational waters

Total coliforms; Faecal coliforms;
E. coli

Turkey Treated wastewater Total coliforms; Faecal coliforms

Sri Lanka Treated wastewater Faecal coliforms

EU Bathing water Enterococci; E. coli

USA Recreational water Enterococci; E. coli

including the WHO, USEPA and the EU. In the context of decentralised wastew-
ater treatment systems wastewater is commonly used for irrigation, and may also
be discharged into surface water bodies that are used for recreational purposes such
as swimming (Edokpayi et al., 2017).

Irrigation

Untreated, partially treated or adequately treated wastewater contains nutrients
such as nitrogen and phosphorus (DEFRA, 2012; WHO, 2006b). Reusing the
wastewater for agricultural purposes can reduce the consumption of and thereby
expenditure on fertilisers, and is a common practice in rural communities (Ade-
goke et al., 2018; WHO, 2006b). The EU recently developed regulations to allow
the reuse of treated wastewater in a number of irrigation applications (Table 7.4).
These were based (inter alia) on a review of pre-existing national standards in six
EU member states, which identified that FIB limits ranged between 5 and 100,000
cfu/100 mL for E. coli, depending on the intended end use (European Commis-
sion, 2016). This has been reflected in the regulations, with tighter limits where
irrigated crops are expected to be consumed raw and more relaxed limits where irri-
gated crops are not intended for human consumption (Table 7.4). A similar pattern
can also be observed in a sub-set of INNOQUA partner countries (Table 7.5).

As can be seen from Table 7.4, regulations also account for the impacts of irriga-
tion methods. For example, the permitted agricultural uses of EU Class B and Class
C reclaimed water are identical, but Class C has a higher E. coli limit and manages
risk by requiring that a different irrigation method is used when compared with
Class B. Thus, it is sometimes possible to relax the requirements for disinfection
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Table 7.4. Classes and quality of reclaimed water and permitted agricultural use and

irrigation method. Adapted from Regulation (EU) 2020/741 of the European Parliament

and of the Council of 25 May 2020 on minimum requirements for water reuse.

E. coli cfu or Permitted Permitted
Classes mpn/100 mL Agricultural Uses Irrigation Methods

A ≤10 All food crops consumed raw
where the edible part is in direct
contact with reclaimed water and
the root crops are consumed raw.

All irrigation methods

B ≤100 Food crops consumed raw where
the edible part is produced above
ground and is not in direct
contact with reclaimed water,
processed food crops and
non-food crops including crops
used to feed milk- or
meat-producing animals.

All irrigation methods

C ≤1,000 Food crops consumed raw where
the edible part is produced above
ground and is not in direct
contact with reclaimed water,
processed food crops and
non-food crops including crops
used to feed milk- or
meat-producing animals.

Drip irrigation (*) or
other irrigation method
that avoids direct
contact with the edible
part of the crop

D ≤10,000 Industrial, energy and seeded
crops

All irrigation methods

*Drip irrigation (also called trickle irrigation) is a micro-irrigation system capable of delivering water drops or
tiny streams to the plants and involves dripping water onto the soil or directly under its surface at very low rates
(2–20 litres/hour) from a system of small-diameter plastic pipes fitted with outlets called emitters or drippers.

where irrigation measures are more controlled and contact with edible parts of the
crop is limited. The effective pathogen reductions delivered by a number of differ-
ent irrigation techniques is shown in Table 7.6.

The standards, regulation, and guidelines for wastewater reuse in agriculture aim
to not only minimise consumers’ exposure to pathogens, but also impact on farm-
ers – who can be directly exposed to the wastewater (Adegoke et al., 2018; WHO,
2006b). Some classes of reclaimed wastewater have a higher allowable content of
E. coli than, for example, the minimum standards in the EU Bathing Water Direc-
tive (BWD) or the USEPA Recreational Water Quality Criteria (RWQC) which
regulates recreational water to which humans are directly exposed. This means
that reclaimed wastewater can pose health risks to farmers if they are in direct
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Table 7.5. Classes and quality of reclaimed water and permitted agricultural uses and

irrigation methods for a sub-set of countries involved in the INNOQUA project. Adapted

from Harwood et al. (2017), MINAM (2017), Turkish Ministry of Environment and Forestry

(2010) and Government of Tanzania (2007).

Parameters, cfu or mpn/100 mL Permitted Irrigation Methods

Ecuador Faecal coliforms: 1,000 Restricted irrigation

Faecal coliforms: 0 Unrestricted irrigation

Peru Thermotolerent coliforms: 2,000
E. coli: 1,000

Restricted irrigation

Thermotolerent coliforms: 1,000 Unrestricted irrigation

Turkey Faecal coliforms: 0 Irrigation for rooted herbs (carrots,
onions) eaten raw

Faecal coliforms: 0 for sprinkling
irrigation; Faecal coliforms: <200
for drip irrigation

Irrigation for large-leaved plants
growing on or near the surface and
plants not in contact with the ground

Faecal coliforms: <200 Irrigations for plants that are peeled
before eating and treated before
eating, superficial plants processed
before eating, plants, cultivation,
pastures and pastures not for human
consumption

Tanzania Total coliforms: ≤10,000; E. coli:
≤100; Faecal coliform: ≤1,000;
Helminth eggs: ≤5

Restricted irrigation

Total coliforms: ≤300; E. coli: ≤10;
Faecal coliform: ≤200; Helminth
eggs: ≤1

Unrestricted irrigation

Table 7.6. Pathogen reductions possible through use of different irrigation methods.

Adapted from European Commission (2016).

Irrigation Methods Pathogen Reduction, log10

Drip irrigation 2

Surface drip irrigation 4–6

Spray drift control irrigation 1

Spray buffer zones irrigation 1



264 Disinfection Options for Decentralised Wastewater Treatment

Table 7.7. Bathing Water Directive (EEC, 2006) and Recreational Water Quality Criteria

(USEPA, 2012).

Regulations Water Types Grades

Intestinal
Enterococci

(cfu/100
mL)1

E. coli
(cfu/100

mL)1

BWD Inland Excellent2 200 500

Good2 400 1,000

Sufficient 3 330 900

Poor3 >330 >500

Coastal Excellent2 100 250

Good2 200 500

Sufficient 3 185 500

Poor3 >185 >500

RWQC Marine and fresh Illness rate 32/1,0003 110 320

Illness rate 36/1,0003 130 410

1BWD uses the arithmetic mean, and RWQC uses the geometric mean. CFU stands for colony-forming unit.
295th percentile.
390th percentile.

contact with it. Furthermore, some irrigation methods, such as sprinkler irriga-
tion, will produce aerosols that may allow pathogens to drift to adjacent areas
(Adegoke et al., 2018). Thus, farmers need to ensure good practice is employed
when using reclaimed wastewater, and consistently treating reclaimed wastewater
to bathing water standards (or better) might be desirable where possible.

Recreational waters

In the EU, the quality of inland and coastal bathing waters is prescribed by the
BWD (EEC, 2006). Similarly, the USEPA uses RWQC to categorise the quality
of recreational waters, including rivers, lake and coastal waters (USEPA, 2012).
Both of these regimes use E. coli and intestinal Enterococci as the FIBs (Table 7.7).
While the EU approach provides for four categories of water quality – which allows
for individual Member States to develop national targets to improve water quality
in specific locations – the US approach provides two options based on the pre-
dicted level of gastro-intestinal illness that might be deemed acceptable in each
State. Table 7.8 shows the recreational water standards of some of the INNOQUA
partner countries. These tend to use a simpler risk tier structure when compared
with the EU approach.
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Table 7.8. Recreational water standards of some INNOQUA partner countries (CPCB,

2007; Mateus et al., 2019; MINAM, 2017).

Water Types Parameters, CFU or MPN/100 mL

India Outdoor bathing water Total coliforms: ≤500

Peru Recreational water Primary contact*:
E. coli: 0
Intestinal enterococci: ≤200
Secondary contact**:
E. coli: 0
Intestinal enterococci: N/A

Ecuador Recreational water Total coliforms: ≤2,000
Faecal coliforms: ≤500

*Primary contact is from activities that could result in the ingestion of water or immersion, such as swimming,
kayaking, water skiing.
**Secondary contact is from activities where the majority of participants would have very little direct contact
with the water and where ingestion of water is unlikely, such as wading, canoeing, motor boating, fishing.

7.2 Disinfection

Typical centralised wastewater treatment comprises preliminary mechanical pro-
cesses for removal of large (often inorganic) solids, followed by primary settle-
ment of solids and biological treatment of the clarified effluent. Primary settlement
aims to remove larger settleable organic solids while biological treatment relies on
microorganisms and the use of electro-mechanical approaches to remove soluble
and un-settleable contaminants via biological predation, assimilation and oxidation
(Tchobanoglous et al., 2004). In smaller wastewater treatment systems that rely on
more nature-based approaches, a septic tank can often act as the primary treatment
system to settle the larger particulates, followed by treatment of the supernatant
via percolation systems, constructed wetlands, reed beds and lagoons that serve as
secondary (or tertiary) treatment to remove soluble and un-settleable contaminants
physically and biologically. In either case, both primary and secondary treatment
can deliver pathogen removal through the settlement of pathogen-containing par-
ticulates, as well as via filtration and biological predation. Table 7.9 shows the typ-
ical pathogen removal efficiencies of various wastewater treatment technologies.

For example, decentralised treatment that only uses a septic tank can deliver
a 2 log10 removal of indicator bacteria. With the addition of secondary treat-
ment, the removal can be increased to 4–6 log10. Using E. coli as an example,
if its concentration in raw wastewater is 7 log10, a 5–6 log10 removal would be
required for the treated effluent to comply with EU recreational/bathing water
standards (Table 7.7) and wastewater reuse in agriculture (Table 7.4). Decentralised
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Table 7.9. Typical pathogen removal efficacy of different treatment

technologies. Adapted from (Momba et al., 2019).

Treatments Treatment Methods Typical log10 Removal

Centralised Sedimentation <1

Activated sludge 2–3

Trickling filter <1

Decentralised Septic tank 2

Filter ∼2

Construct wetlands (reed bed) 2–4

Lagoon 3–4

Package plant 2–51

1A package plant typically comprises two compartments: (i) a compartment that serves as a
primary settlement/septic tank and (ii) a compartment that serves as filter or activated sludge
secondary treatment stage.

wastewater treatment solutions comprising only primary and secondary treatment
will struggle to meet these requirements. Therefore, additional disinfection mea-
sures for pathogen removal are necessary to ensure decentralised treatment can pro-
duce an appropriate quality final effluent.

Disinfection uses chemical and/or physical measures to inactivate or destroy
pathogens. This is achieved through the following five principal mechanisms
(Tchobanoglous et al., 2004):

1. Damage to the cell wall;
2. Altering cell permeability;
3. Disrupting the colloidal nature of the protoplasm;
4. Altering the DNA and RNA of the organism; and
5. Inhibiting enzyme activity.

Both potable water and wastewater treatment facilities widely apply chlorina-
tion, ozonation or UV for disinfection (EPA, 2011; USEPA, 2003) – individually
or in combination. In order to achieve the required pathogen disinfection stan-
dards, contaminants in the wastewater such as suspended solids and organic matter
must first be removed. Therefore, disinfection treatment is usually located at the
end of the overall treatment process (EPA, 2011).

A wide range of other approaches to disinfection have been trialled in decen-
tralised wastewater treatment applications. Leverenz et al. (2006) considered tech-
niques as diverse as peracetic acid dosing and biological filtration before focussing
on ozonation, chlorination and UV treatment. Likewise, Fedler et al. (2012)
compared technologies as diverse as membrane filtration, bromination, potassium
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permanganate dosing and electrochemical disinfection as alternatives to chlorina-
tion – concluding that ozonation and UV treatment were most suited of the preva-
lent ‘market ready’ solutions. Membrane filtration is particularly appealing, as it
relies on simple physical processes to remove particles of specific sizes from the
wastewater flow. Generally, virus particles range in size between 0.01 µm and 0.1
µm, and bacteria between 0.1 µm and 10 µm. Thus, nanofiltration with a pore
size of approx. 0.001 µm can completely remove pathogens from water. While
theoretically not as effective, microfiltration (pore size ranging between 0.1 µm
and 10 µm) and ultrafiltration (pore size ranging between 0.01 µm and 0.1 µm),
can still deliver 4–6 log10 removal of bacteria and protozoa (Parsons and Jefferson,
2006). However, the implementation of membrane technology is limited by mem-
brane fouling, and is often associated with high energy demand as well as intensive
labour and maintenance requirements (Bodzek et al., 2019). For these reasons it is
not considered suitable for decentralised wastewater treatment and is not consid-
ered further within this chapter.

7.2.1 Chlorination

Chlorination is the generic term which refers to disinfection processes using chlo-
rine (Cl2) and chlorine derivatives, such as sodium hypochlorite (NaClO), calcium
hypochlorite (Ca(ClO)2) and chlorine dioxide (ClO2) (EPA, 2011). Elemental
chlorine, the hypochlorite anion (ClO−) and ClO2 are strong oxidants. They can
oxidise the cellular material of the target organism, modify cell wall permeability,
precipitate proteins and alter and inactivate enzymes to achieve pathogen inactiva-
tion (Tchobanoglous et al., 2004).

Historically, chlorination was mainly conducted via dosing Cl2 gas into water.
When Cl2 reacts with water, it forms elemental chlorine and hypochlorite anions
(Tchobanoglous et al., 2004). However, Cl2 gas is toxic, and hence its stor-
age and dosage present challenges in terms of handling and associated health
and safety risk (EPA, 2011; USEPA, 1999a). Hypochlorite salts (e.g., NaClO or
Ca(ClO)2), are considered preferable alternatives because they are safer and easier
to handle. Figure 7.1 shows the schematic of a typical NaClO disinfection system
(EPA, 2011).

NaClO is generally supplied as an aqueous solution. NaClO can also be pro-
duced in situ via electrolysis of diluted high purity sodium chloride solution –
this method can be applied where it is desirable to produce the NaClO locally
(EPA, 2011). For smaller applications, commercially available calcium hypochlorite
tablets can be a good alternative as they require no onsite production and calcium
hypochlorite is relatively safe to store and handle. As shown in Fig. 7.2, tablets are
stacked within a dedicated tablet feeder which allows contact with the water flow
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Figure 7.1. Schematic of a typical sodium hypochlorite disinfection system (re-drawn
from Tchobanoglous et al. (2004)).

at the base of the stack. Contact and tablet release are flow-dependent, allowing the
dose to be controlled on a volumetric basis, assuming consistent dissolution of the
tablets. Water passes from the tablet stack into a contact tank which provides an
hydraulic buffer to improve treatment efficacy (Norweco et al., 2006a).

The ClO− ion and its associated acid – hypochlorous acid (HClO) – are
both effective disinfectants. At low pH, HClO is the dominating species while
ClO− dominates at high pH, as shown in Fig. 7.3. HClO is a much stronger oxi-
dant and hence a much stronger disinfectant than ClO−. Therefore, hypochlorite
disinfection is more effective in neutral to acidic conditions than in alkaline condi-
tions (EPA, 2011).

In designing chlorine-based disinfection systems it is important to consider
that chlorine-related residues in the treated wastewater may have toxic effects on
aquatic organisms in receiving waters. Therefore, reductants, such as sulphur diox-
ide, sodium sulphite and sodium bisulphite may be dosed into treated wastewater
to react with the residual oxidative disinfectant to form the non-harmful chloride
ion (EPA, 2011; Tchobanoglous et al., 2004; USEPA, 2003). A typical sulphur
dioxide post-dosing flow is shown in Fig. 7.1.
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Figure 7.2. Calcium hypochlorite tablet disinfection (redrawn from Norweco et al.
(2006a)).
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Figure 7.3. HOCl-OCl− equilibrium at different pH and temperature (redrawn from
EPA, 2011).

7.2.2 Ozonation

When the oxygen molecule, O2, is dissociated by an energy source, oxygen atoms
are formed. If the oxygen atom collides with an oxygen molecule, then ozone (O3)
is generated. In nature, lightning can produce ozone in the atmosphere.
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When ozone is dosed into water a number of reactions occur that produce free
radicals with strong oxidation capabilities. Equations 7.1–7.4 show the reactions
that occur to produce these free radicals (hydroperoxyl: HO2, and hydroxyl: HO)
(Tchobanoglous et al., 2004):

O3 +H2O→ HO+3 +OH− (7.1)

HO+3 +OH−→ 2HO2 (7.2)

O3 +HO2 → HO+ 2O2 (7.3)

HO+HO2 → H2O+O2 (7.4)

HO2 and HO are free radicals with significant oxidising abilities and are con-
sidered the active disinfectants in the ozonation process. They can directly oxi-
dise or destroy the cell wall causing leakage of cellular constituents from the cell,
damage to purines and pyrimidines which are the constituents of the nucleic acid,
and depolymerisation through breaking of carbon–nitrogen bonds (Tchobanoglous
et al., 2004).

Ozone is an unstable gas whose decomposition will happen shortly after gener-
ation – it must therefore be generated locally to where it will be used. It is com-
monly produced by inducing a high voltage (6–20 kV) alternating current across
a dielectric discharge gap in an oxygen-containing gas. The oxygen-containing gas
can be either air or high-purity oxygen (EPA, 2011; Tchobanoglous et al., 2004).
A schematic of ozone generation and disinfection is shown in Fig. 7.4.

Since ozone is also an irritating and toxic gas, residual ozone in the off-gas must
be destroyed to prevent its discharge to atmosphere. The destruction product is
oxygen, and hence, in some cases, the treated off-gas can be recycled for use in the
ozone generator (Tchobanoglous et al., 2004).

Figure 7.4. Schematic of ozone disinfection (adapted from Tchobanoglous et al., 2004).
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7.2.3 Ultraviolet

UV is a form of electromagnetic radiation with wavelengths ranging from 10 nm to
400 nm (EPA, 2011; Tchobanoglous et al., 2004). Within this spectrum, the opti-
mum wavelength to effectively inactivate microorganisms is generally considered to
be in the range of 220–320, or more precisely between 250 nm and 270 nm; mainly
covered by the UV-C spectrum (200–280 nm) (EPA, 2011; Tchobanoglous et al.,
2004; USEPA, 1999b). UV radiation can damage DNA and RNA, which has the
highest UV radiation absorbance at a wavelength of approximately 260 nm. This
damage prevents microorganisms from growing or reproducing (Tchobanoglous
et al., 2004).

Low-pressure UV lamps are the most widely used disinfection technology, pro-
ducing monochromatic light at a wavelength of 253.7 nm via electrical discharge
through mercury vapour (USEPA, 1999b). Depending on the internal mercury
vapour pressure and the discharge current, low-pressure UV lamps can be char-
acterised as low intensity (low output) or high intensity (high output). At higher
intensities, fewer lamps are needed to supply the same UV dose (Tchobanoglous
et al., 2004).

Unlike ozonation and chlorination, UV disinfection is a physical rather than
a chemical treatment method. It requires no disinfectant preparation, storage or
handling of hazardous chemicals (USEPA, 1999b). As shown in Fig. 7.5, the disin-
fection process takes place as wastewater passes over the surface of a quartz sleeve,
within which the UV lamp is housed. UV radiation passes through the sleeve
and into the wastewater, where disinfection takes place. Contact time can often
be less than a minute, which is less than required for ozonation or chlorination
(USEPA, 1999b). Furthermore, UV disinfection leaves no toxic residues in the
treated wastewater and requires no further disinfectant destruction steps. Due to
its simplicity and safety, UV disinfection is often considered a user-friendly system
(USEPA, 1999b).

However, UV disinfection can be significantly inhibited by the presence of sus-
pended solids and organic carbon in the wastewater as these will ‘block’ UV radia-
tion and prevent it from reaching the microorganisms. Similarly, the quartz sleeve –
which isolates the UV lamp and has direct contact with the water – needs regular
cleaning to ensure high levels of UV light transmittance.

7.2.4 Technology Comparison

When designing disinfection systems, a key metric is the ‘Ct’ value – i.e., a measure-
ment of the dose. For ozone and chlorine this can be calculated by multiplying the
concentration of the disinfectant by the contact time with the water/wastewater to
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Figure 7.5. Schematic of UV disinfection (redrawn from Alfaa UV, 2018).

Table 7.10. Required Ct values for inactivation of different microorganisms by Cl2, O3

and UV radiation (EPA, 2011) and (Tchobanoglous et al., 2004).

Microorganisms
Log10

Removal

Ct Values of
Cl2, mg/L
Per Minute

Ct Values of
O3, mg/L

Per Minute

Ct Values
of UV,

mJ/cm2

Cryptosporidium (protozoa) 0.5 N/A 4.9 1.6

3 N/A 30.0 12.0

Giardia (protozoa) 0.5 17.0 0.23 1.50

2 104.0 1.43 5.20

Viruses 2 2.5–3.5 0.5 20–30

4 6.0–7.0 1.0 70–90

Bacteria 2 0.4–0.8 3.0–4.0 30–60

be treated (generally given in units of mg/L per minute). For UV systems this refers
to the UV dosage (generally given in mW/cm2 multiplied by the residence time
(seconds) of the water/wastewater in the lamp module (or tank where the UV lamps
are placed)) and is generally denoted in units of mJ/cm2 (EPA, 2011). For each of
chlorine, ozone and UV systems there are guideline Ct values for achieving certain
levels of inactivation for specified pathogens. In an example of chlorination disin-
fection for bacteria, if a 2 log10 removal requires a Ct of 15 mg/L per minute, the
process can be operated at 0.5 mg/L chlorine for 30 minutes of contact time, or
1 mg/L chlorine for 15 minutes. Table 7.10 lists examples of the required Ct for
inactivation of protozoa, virus and bacteria by Cl2, O3 and UV radiation.

As might be expected, organisms which are more resistant to disinfectants have
higher Ct values. As shown in Table 7.10, chlorination is effective at removing bac-
teria and viruses but will not readily inactivate protozoa such as Cryptosporidium
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(EPA, 2011; USEPA, 2003). Ozone is a stronger bactericide and virucide than chlo-
rine and its derivatives (EPA, 2011; USEPA, 1999c) meaning that the Ct value of
ozonation is lower than chlorination in most cases. UV light is effective at inactivat-
ing protozoa and viruses. Furthermore, UV light is effective at inactivating bacteria,
but not at inactivating bacterial spores. For example, the Ct values for 2 log10 inacti-
vation of E. coli (non-sporulating) and Bacillus subtilus (sporulating) are reported as
4.8 and 39, respectively. Moreover, microorganisms with certain enzymatic systems
are able to repair damage caused by UV (EPA, 2011; USEPA, 1999b).

In general, ozone can be considered as being an effective disinfectant for the
majority of waterborne microorganisms. Nevertheless, it comes with challenges
such as technology costs, the requirement for high voltage power supplies, and the
need for corrosion-resistant equipment (USEPA, 1999c). For these reasons ozona-
tion is not as widely applied as chlorination and UV in decentralised systems (EPA,
2011; USEPA, 1999b; Zyara et al., 2016). While both UV and chlorination systems
can be challenged by certain pathogens, they can be used effectively in combination
where required as each can target pathogens which may be resistant to the other.
In such scenarios chlorination is typically applied as primary disinfection, with UV
serving as the secondary step (Zyara et al., 2016).

Since some pathogens are more resistant to disinfection processes than others it
is critical to design systems in a targeted way accounting for both the FIBs which
are to be measured for compliance purposes and any pathogens of concern that
might be more resistant to disinfection than the FIBs.

7.3 Economic Study: Calcium Hypochlorite Disinfection
vs. UV Disinfection

As discussed in Section 7.1.2, delivering water quality that complies with the
higher end of irrigation standards and the EU bathing/recreational water standards
requires approximately 5–6 log10 removal of pathogens from wastewater. While
primary and secondary treatment systems can deliver up to 4–6 log10 removal, dis-
infection is still required to deliver the final 2 log10 removal. Thus, in the context
of decentralised applications, a suitable disinfection measure should:

• Be effective at delivering a 2 log10 pathogen removal,
• Comprise simple to moderate technological complexity,
• Require minimal operation and maintenance, and
• Be low cost.

Among the conventional disinfection measures introduced in Section 7.2,
hypochlorite and UV disinfection can be considered options that can meet
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Table 7.11. Applicability of hypochlorite tablet disinfection and UV disinfection. Adapted

from USEPA (1999a).

Considerations Hypochlorite Tablet UV

Bactericidal Good Good

Virucidal Moderate Moderate

Cysticidal Poor May be effective against oocyst

Fish toxicity Potentially toxic Nontoxic

Hazardous by-product Yes No

pH dependent Yes No

Corrosive Yes No

Contact time (related to footprint) Long Short

Electricity requirement No Yes

these criteria. Both are good in terms of bacteria removal capability and moder-
ate in terms of virus removal capability (Table 7.11). UV disinfection has advan-
tages in that it produces no hazardous by-products and will thus not negatively
impact receiving waters. However, traditional UV disinfection systems require a
steady electrical supply, which can be challenging in some locations.

Cost is also a determining factor for the implementation and selection of decen-
tralised disinfection systems. The following sections provide a basic economic com-
parison between UV and hypochlorite (tablets) for disinfection.

7.3.1 Economic Assessment of Technology Options
(Case-study Example)

In this case-study a rural property is considered with the following characteristics:

• has a 3 m3/day (125 L/h) flow of wastewater,
• has no restrictions in terms of footprint and electricity access, and
• requires a minimum 2 log10 removal of bacteria.

The appraisal of the two disinfection options focuses on capital expendi-
ture (CAPEX), operational expenditure (OPEX) and total expenditure (TOTEX).
The following caveats should be noted:

• Whilst CAPEX estimates have been sourced directly from suppliers or from
supplier websites, accurate costing would be highly site-specific. As a result,
these CAPEX estimates should only be considered as indicative for the pur-
poses of this comparison.
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• The CAPEX does not include the costs of installation which are site-specific
and highly variable.

• The OPEX considers two key issues: (i) ongoing consumable costs and
(ii) maintenance. The former includes electricity and/or chemicals consumed
for operations, while the latter involves cleaning and changes of components,
etc.

• This study considers the electricity consumption within the disinfection
treatment, but excludes any electricity consumed as a result of pumping to
or between different stages of treatment. It can be assumed, in this case, that
all wastewater transfers will be by gravity.

• An annual OPEX has been estimated over a 20-year asset life. No compound-
ing has been applied to these annual costs to account for inflation or other
cost increases (i.e., net present value is not considered).

• The TOTEX is the sum of the CAPEX and the OPEX for a 20-year asset life.

Since the costs of equipment and consumables can be vendor or country-
specific, it is important to understand how such uncertainty impacts the TOTEX
estimation. Furthermore, determining influential factors can help to identify
areas where cost improvements can be made. A sensitivity analysis examines
±20% changes on CAPEX, annual maintenance OPEX and annual consumable
OPEX.

7.3.2 Estimation of CAPEX and OPEX

Tablet chlorination disinfection

The process uses calcium hypochlorite tablets to treat secondary treated effluent
with relatively low suspended solids, organic carbon and nutrient concentrations.
The process involves two major steps:

1. The treated effluent flows through the tablet feeder where calcium hypochlo-
rite is dissolved into the liquid phase.

2. The wastewater containing the calcium hypochlorite will flow to a contact
tank where the hypochlorite will inactivate the microorganisms.

The CAPEX includes the purchase of a tablet feeder, a contact tank and other
components such as pipework, joints and pumps. The OPEX for consumables con-
siders purchase of calcium hypochlorite, while maintenance is expected to comprise
routine cleaning and repairs.

The USEPA suggests that a residual chlorine concentration of 0.5 mg/L after 15
minutes contact is likely to result in satisfactory disinfection of secondary wastew-
ater effluent (Norweco et al., 2006a). For secondary (activated sludge or trickling
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filter) treated effluent, Shammas and Wang (2015) reported that an initial chlorine
concentration of 3–9 mg/L is required to produce a residual chlorine concentration
of 0.5 mg/L after 15 minutes. Leverenz et al. (2006) reported higher chlorine doses
(ranging from 10 mg/L to 25 mg/L) while USEPA (2002) cites starting doses as
high as 65 mg/L in wastewater at pH=8. This study assumes a chlorine dosage of
17.5 mg/L.

We have considered two similar products, Bio-Sanitizerr produced by Norweco
and Accu-tabr produced by Axiall Corporation, to estimate the cost of hypochlo-
rite. The specifications are shown in Table 7.12. To meet the 17.5 mg/L chlorine
dosage, daily tablet consumption is approx. 1/2 tablet.

Table 7.12. Comparison of the market available calcium

hypochlorite tablets, Bio-Sanitizer and Accu-Tab.

Bio-Sanitizerr Accu-Tabr

Supply package, kg1 20.4 20.4

Weight, g 140 1452

Chlorine content%1 73% 70%3

Chlorine content per tablet, g 102.2 101.5

Price per tablet1,4, e 1.00 1.23

1: The information presented in this table is drawn largely from www.usabluew
ater.com, which cites lower prices than other sites.
2: The number of tablets is estimated from a 25 lb package that has 75 tablets.
3: The purity is reported varying from 65% to 76%.
4: The price for 45 lb packages of Bio-Sanitizerr and Accu-Tabr are USD
161.95 and 187.95, respectively. They are converted to Euro (e) at a ratio
of 0.89.

To populate our case study, we selected the LF2000 tablet feeder from Norweco.
The lowest cost was∼e 200 (October 2020). Since the price and usage of contact
tank, pipes and joints are site-specific, this study assumed the cost of this is the same
as the tablet feeder and the system is gravity fed. Thus, the total CAPEX is∼e 400.

The annual OPEX for consumable chemicals is 0.51 tablets× e1/tablet× 365
days = e 187.50.

The annual OPEX for maintenance is estimated at e 120.00, based on:

• The labour cost is estimated ase 10/hour, (ILOSTAT, 2021), and the annual
labour cost is assumed as e 10/hour × 1 visit × 8 hour/visit = e 80

• The annual material cost, i.e., for parts replacement due to hypochlorite cor-
rosion (Leverenz et al., 2006), is assumed as 50% of the labour cost and is
e 40

www.usabluewater.com
www.usabluewater.com
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UV disinfection

The costs of UV disinfection have been based on the VIQUA Model S2Q-PA/2B
produced by VIQUA (a division of Trojan Technologies Group). Both technical
and cost information used were obtained from the UK supplier KK Water. Costs
have been converted from GBP to EUR at a ratio of £:e = 1.09.

The CAPEX of the VIQUA Model S2Q-PA/2B is quoted as e 307.30.
Annual OPEX for consumables is estimated at e183.10, based on:

• The power consumed by the VIQUA Model S2Q-PA/2B is 22 W. Assuming
a 24-hour operation throughout the year, the annual electricity consumption
is 192.7 kWh. Based on a domestic electricity price of e 0.146 per kWh, the
annual electricity cost is e 28.30.

• The lifespan of the UV lamp is approximately one year (9,000 hours), with
a replacement cost of e 58.70.

• It is recommended that the quartz sleeve be replaced every 2–3 years, at a cost
of e 32.10. We have assumed a biennial replacement cycle, giving annual
costs of e 32.10÷2 = e 16.05.

• We assume an annual one day inspection and maintenance visit at e 80, in
line with the estimate for the hypochlorite dosing system.

7.3.3 Result: TOTEX and Sensitivity

TOTEX

The CAPEX, OPEX and TOTEX over a 20 year asset life for the two disinfection
options are shown Table 7.13. Both options are OPEX-dominated, and since UV
disinfection has around 40% less OPEX and less TOTEX than tablet chlorination
disinfection it can be considered the more cost-effective option in this scenario.

Table 7.13. CAPEX, OPEX and TOTEX of tablet chlorination disinfection and UV

disinfection.

Total
CAPEX

Annual
Mainte-
nance
OPEX

Annual
Consum-

able
OPEX

Annual
OPEX

Total
OPEX

Over Asset
Life TOTEX

Tablet e 398.70 e 120.00 e 187.50 e 307.50 e 6,150 e 6,549
chlorination

UV e 307.30 e 154.80 e 28.30 e 183.10 e 3,661 e 3,969
disinfection
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Sensitivity study

Spider plots for both disinfection options are shown in Fig. 7.6. Because both
options are OPEX-dominated (Table 7.13), the CAPEX on the tablet feeder and
the UV system have limited influence on the TOTEX. For the tablet chlorina-
tion, the most influential factor in the TOTEX is the annual consumable OPEX,
which accounts for >60% of the annual OPEX (Table 7.13). For UV disinfec-
tion, the annual maintenance OPEX (>80% of total OPEX) is the most influential
factor.
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Figure 7.6. Spider plot of the two disinfection options, (A) tablet chlorination disinfection
and (B) UV disinfection.

In the case of tablet chlorination disinfection, both the dose and unit price of
the calcium hypochlorite tablet significantly impact the consumable OPEX. Given
that both the influent pathogen level and the required contact time impact on the
dose, if improved pathogen removal was achieved upstream (e.g., via constructed
wetlands or lagoon) the influent pathogen level could be lower and the dose could
be reduced. We used a chlorine dosage of 17.5 mg/L, but actual requirements could
be as low as 5–10 mg/L (Leverenz et al., 2006). If the dosage were reduced to 7.5
mg/L, TOTEX for the chlorination system would bee4,406, which is comparable
to the UV system.

In the case of UV disinfection, both the replacement frequencies and costs of
the UV lamp and quartz sleeve affect the maintenance OPEX. Dynamic control of
the UV system, i.e., switching off the UV system when there is no flow, would be
essential in most systems to prevent overheating. This would add complexity but
(potentially) increase the lifespan of the UV lamp and therefore makes the replace-
ment less frequent. Alternatively, a bespoke UV dosing system could be fabricated
in which the lamp was positioned within a final buffer/contact tank.
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These conclusions are in line with those of previous studies. For example,
USEPA (2002) suggested similar CAPEX costs for UV and chlorination units of
∼USD2,000 for units, installation and housing. Annual OPEX (maintenance and
consumables) were assumed to be similar (∼USD180), due to the low cost of
replacement chlorination tablets, estimated at just USD50 per year compared with
our example of USD188 per year. Leverenz et al. (2006) suggest CAPEX of up to
USD600 and annual consumable costs of USD100 for chlorination systems, com-
pared with CAPEX of up to USD1000 and annual lamp replacement costs of up
to USD80 for UV treatment.

7.4 Disinfection and INNOQUA

Chapter 6 has considered the potential for a nature-based decentralised tertiary
treatment system to remove nutrients and (to a lesser extent) pathogens from
wastewater subjected to primary and secondary treatment in other nature-based sys-
tems. Since Bio-Solar Purification relies on high levels of natural insolation, it was
not deemed suitable for providing disinfection at all locations where the INNO-
QUA solutions might eventually be deployed. To add flexibility, UV disinfection
was therefore trialled at a number of the demonstration sites (Table 7.14). In most
cases UV units were installed to provide disinfection of effluent from the Daphni-
afilters, but in Italy disinfection direct from the Lumbrifilter was required. In two
cases (India and Tanzania) microbiological data are not presented here, since they
were recorded for the systems as a whole (the ‘global’ efficiency) at those sites, rather
than for the UV unit in isolation. Results are summarised in Table 7.15.

Although it varied from site to site, overall performance of the UV system was
satisfactory. Across the whole fleet of demonstration sites, total (‘global’) removal
of pathogens through the INNOQUA systems was around 5log10 – more than
adequate to deliver compliance with local norms. It should be noted that although
turbidity is normally considered to negatively impact UV transmission and disin-
fection efficacy, the data in Table 7.15 don’t fully reflect this (for example, com-
pare faecal coliform removals and turbidity data at the Turkish and Peruvian sites).
Recent studies indicate that although UV performance is impacted by turbidity,
aspects such as suspended solids and organic carbon are also important (Fitzhenry
et al., 2016), highlighting the importance of establishing an appropriate testing
suite before seeking to demonstrate the efficacy of new treatment approaches.

The demonstration site managers noted a number of operational aspects with
respect to UV operation, including:

1. The importance of sizing the UV system according to the anticipated wastew-
ater flow from any preliminary treatment unit;
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2. The importance of ensuring adequate warm-up time for the UV lamp before
re-commencing flows and

3. The importance of weekly cleaning of the outer surface of the quartz sleeve
to maintain transmissivity.

Table 7.14. Information on the INNOQUA demonstration sites equipped with UV disin-

fection.

Design Capacity, Source of

Locations m3/day Wastewater Pre-UV Treatment

India
(Bengaluru)

1.50 Toilets and washing
rooms

1. Settlement tank
2. Lumbrifilter
3. Daphniafilter

Italy
(Vasto)

2.00 Toilets and kitchens 1. Settlement tank
2. Lumbrifilter

Peru
(Arequipa)

1.00 Toilets, kitchen,
laboratories, veterinary
and agronomic faculties

1. Settlement tank
2. Lumbrifilter
3. Daphniafilter

Tanzania
(Dar-es-
Salaam)

1.50 Toilets and shower 1. Septic tank
2. Lumbrifilter
3. Daphniafilter

Turkey
(Sinop)

3.00 Toilets, bathrooms and
kitchens

1. Equalisation tank
2. Lumbrifilter
3. Daphniafilter

Table 7.15. Reduction of various FIB at INNOQUA demonstration sites (average log10

reduction (±standard deviation)), together with average turbidity of influent wastew-

ater in Nephelometric Turbidity Units (NTU).

Locations NTU E. coli Faecal Coliforms Enterococci

Italy 9.9 1.59 (±0.79) 1.86 (±0.74) 1.10 (±0.95)

Peru 2.8 0.77 (±0.63) 0.62 (±0.58) –

Turkey 26.3 – 1.6 (±0.83) –

7.5 Summary

Disinfection is an increasingly important aspect of wastewater treatment design
and operation. It can be required in scenarios where wastewater reuse is required
or desirable and where there is a need to protect receiving water bodies (such
as bathing waters and potable water sources). Disinfection can be achieved with
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various techniques, but in decentralised scenarios it is important that the selected
technology is robust, easily maintained and suited to specific local conditions
including wastewater flows, quality and temperature. Furthermore, the selection
and design of the system needs to be targeted at the pathogens to be removed and
cognisant of both upstream wastewater quality and regulatory requirements.

Total coliforms, faecal coliforms, E. coli and Enterococci are commonly used as
FIBs to predict pathogen levels in water, and regulators use one or more FIBs to
categorise the water quality. Typically, 4–6 log10 FIB removal from raw wastewater
is required for the treated wastewater to be suitable for discharge or irrigation reuse
under European and WHO standards.

Chlorination is effective in removing bacteria and viruses but protozoa can be
highly resistant to it. UV is effective in inactivating protozoa, bacteria and some
(but not all) viruses. Ozone has been shown to be effective for the majority of water-
borne pathogens, but its implementation is more technologically complicated and
comes with specific operational and maintenance challenges if used in decentralised
applications.

Irrespective of the solution selected, appropriate design, installation, monitor-
ing and maintenance are necessary to ensure that any disinfection system oper-
ates effectively. When comparing chlorination and UV treatment systems for use
in decentralised applications, Leverenz et al. (2006) made the following specific
observations:

• Tablet chlorination systems are susceptible to episodic failure due to non-
uniform erosion of tablets, while UV systems are subject to progressive fail-
ure as fouling occurs on the lamp housing. Frequent (brief ) inspection and
maintenance will be required to address these issues.

• The chlorine dose from dissolution of calcium hypochlorite tablets is difficult
to predict and is not related to water quality. Similarly, the rate of dissolution
can be variable if flow equalization is not used.

• UV systems are sensitive to water mineral content, periods of no flow while
the lamp remains on, flow rate through the unit, and reliability of the pre-
treatment system to provide adequate water quality.

• UV systems designed for disinfection of drinking water can be used suc-
cessfully for wastewater, but should be tested using wastewater to determine
capacity.

• All disinfection systems should be used in conjunction with flow equalization
to minimise the peak flows expected from small wastewater systems.

Careful attention to system operation and maintenance is also highlighted by
USEPA (2002), who suggest that domestic users do not necessarily possess the
skills needed to perform proper servicing of chlorination or UV treatment units,
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and that long-term management through service contracts or local management
programmes is an important aspect of successful long-term operation. Nonethe-
less, both tablet chlorination and UV treatment are cheap and simple to operate
when compared with other disinfection approaches, and our assessment suggests
that costs for both are OPEX-dominated over a typical 20-year life cycle. While
UV proved effective at the INNOQUA demonstration sites, these required a con-
stant electrical supply and frequent maintenance to minimise fouling of the inter-
nal quartz sleeve. This is manageable under an experimental setting, but may not
be realistic under genuine market conditions. None of the disinfection options is
maintenance-free.
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Chapter 8

Tools for Appraising and Supporting
the Adoption of Nature-based Systems

By Louise Hannon and Eoghan Clifford

8.1 Introduction

Despite evidence that nature-based solutions often represent more efficient and
cost-effective solutions to climate change threats than traditional approaches (Euro-
pean Commission, 2015, 2020c), key knowledge gaps exist that may affect the wide
scale adoption and implementation of such solutions. Knowledge gaps concerning
the relationships between nature-based solutions and society and, more specifically,
the stakeholder involvement and impact of human-nature interactions in forming
or altering lifestyles, beliefs, and preferences have been explored by Kabisch et al.
(2017) while Istenic et al. (2015) studied the status of decentralised wastewater
treatment systems and barriers for the implementation of nature-based solutions for
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these systems in central and eastern Europe, determining that these solutions were
rarely used. Potentially linked to this they found that promoters of nature-based
solutions were mainly found within specific-interest stakeholder groups, including
ecological engineers, environmental non-governmental organisations (NGOs) and
“green” movements.

In ecosystem-based approaches to climate change adaptation and mitigation,
different drivers for the implementation of nature-based solutions can be identified
at the project level. These range from policy and strategic objectives at national
or supra-national level and/or local policies as well as specific community needs
and stakeholder motivations. In some instances it may be a combination of these
factors such as in the case of the INNOQUA project demonstration installation
in the village of Littlemill in the Scottish Highlands. The motivation to explore
and implement a wastewater treatment system that employs natural systems in this
rural village was directly linked to the commitment of Scottish Water (the utility
company providing potable and wastewater services to the people of Scotland) to
develop innovative solutions for water and wastewater treatment and supply. In this
case, among other needs, it met the aspirations of Scottish Water to be socially
sustainable in addressing Scotland’s water and wastewater requirements. The com-
mitment of a utility is, in most cases, key to bringing such solutions from sub-
marginal or rarely used to commonplace. In addition, the residential community
whose wastewater systems were to be connected to the INNOQUA demonstration
installation were supportive of the proposal following consultation and discussion
with the utility. The local community’s endorsement of a low impact nature-based
wastewater treatment solution is consistent with previous experience in Scotland,
where rural communities often exhibit high levels of connection and guardian-
ship with their local natural environment. While the main drivers for nature-based
solutions and the wider field of green infrastructure are often to meet biodiver-
sity conservation and other environmental objectives, the potential contribution
of such solutions to wider sustainability adaptation and mitigation efforts can be
overlooked (Naumann et al., 2011). The European Commission recognises that
nature-based solutions have the potential to not only address societal challenges
in sustainable ways but can also provide co-benefits for health, the economy, soci-
ety and the environment (European Commission, 2015, 2020c). These co-benefits
represent a significant opportunity to increase Society’s motivation and support for
the adoption of nature-based solutions.

Given the increasing and indisputable evidence of the effects of anthropogenic
activities on the planetary environment, and with high profile activists and media
efforts increasing society’s environmental knowledge (Dunn et al., 2020) it is per-
haps unsurprising that concerns about our environment and the effects of cli-
mate change are increasingly prevalent in the minds of many citizens. A 2020
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Eurobarometer survey found that protecting the environment was important to
94% of citizens in EU Member States and that 91% of citizens considered that
climate change was a serious problem in the EU (European Commission, 2020a).
Such concerns and anxieties are likely to stimulate more interest in less impactful
and more sustainable solutions to resource provision such as those that are nature-
based. To translate such interest into adoption, a robust evidence base is required to
address any knowledge gaps that might otherwise hinder the uptake of such novel
or non-traditional technologies or practices.

This chapter leverages the INNOQUA Project’s experience in adapting the pro-
posed INNOQUA technologies to local conditions, with an emphasis on overcom-
ing barriers to the adoption of a novel nature-based wastewater treatment system.
The importance of early and extensive stakeholder engagement is highlighted.

8.2 Implementation of Wastewater Infrastructure

In trying to anticipate and address potential issues with the implementation of
nature-based sanitation solutions, we can first look to experiences gained during the
planning and installation of existing on-site sanitation infrastructure. The World
Health Organisation recognises that in the case of countries in the Global South,
while some of these ‘grey infrastructure’ type sanitation projects follow a detailed
planning and approval process, others move forward as self-builds with little
involvement from any external parties. The reality for most sanitation projects and
programmes lies somewhere between these extremes (Franceys et al., 1992).

8.2.1 Key Project Phases

Figure 8.1 summarises the key phases in the planning and implementation of de-
centralised sanitation projects. An issue that is consistently important in each phase
is the consideration of perspectives of key interest groups i.e. stakeholders. The con-
cept of stakeholders is taken from corporate management theory where it was origi-
nally proposed as a novel approach to strategic management but has since become a
critical step in most project delivery. The classic definition of a stakeholder is based
on the work of Freeman where, in the context of strategic management of firms and
such organisations, a stakeholder was defined as any group or individual who can
effect or be affected by the achievement of the firm’s objectives (Freeman, 1984).

The first phase in the process is the identification of the needs or drivers for
a solution to a sanitation problem. Depending on the project, initial motivation
and problem recognition may come from an individual, a community, a legislative
requirement, a local government initiative etc. At this early stage it is possible to
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Figure 8.1. Key phases in traditional decentralised sanitation projects (Franceys et al.,
1992).

identify key stakeholders and to begin to understand what role they might play in
any subsequent project and begin to determine to what extent engagement with
these groups or individuals should be planned. As a minimum the key stakeholders
will be the promoter of the project, the implementing body or agency and the
community, group or individual whose sanitation needs will be addressed by the
project.

Phase 2 allows feasible solutions to the identified problem to be considered
and should engage all the key stakeholders – to identify their support, objec-
tions, concerns and motivations towards the project. Phase 3 seeks to identify a
preferred solution that satisfies technical, social, environmental and economic cri-
teria. Stakeholder buy-in is critical at this point. Phase 4 encompasses the final
approvals of the project promoter and funder, and allows the project to move to
securing technical and planning consents. The implementation phase (Phase 5)
then requires training, demonstration and promotion to facilitate acceptance,
proper usage and correct maintenance/operation of the sanitation solution into
the future. Phase 6 is often under-appreciated, but lessons learned from any eval-
uation form a key step in the project lifecycle which provides data and feedback
on which to base future improvements of the system. User testimony collected at
this stage can also be used to promote the sanitation solution and encourage wider
adoption.
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The phases outlined above are equally applicable to the planning and implemen-
tation of nature-based sanitation solutions. However, given the novelty of some of
these solutions – satisfying technical, regulatory and legislative criteria in Phases 1
and 2, as well as the pre-feasibility and feasibility requirements in Phases 2 and 3,
and appraisal and approval requirements in Phase 4, may all be particularly oner-
ous. The suitability of the proposed site can also demand particular attention as
nature-based solutions may require more land and/or benefit from bespoke design
to ensure local environmental suitability in terms of climate and resources, and to
optimise overall project sustainability.

More recently a framework was developed by the WHO water, sanitation and
hygiene (WASH) community specifically in relation to neglected tropical diseases
(NTD) to encourage, support and develop investment in support of the goals of
the WHO 2012 Neglected Tropical Diseases roadmap (World Health Organiza-
tion, 2012). The BEST Framework was proposed by the NTD NGO Network in
2016 and focuses on four key elements: (i) behaviour, (ii) environment (iii) social
inclusion and (iv) treatment and care (NTD NGO Network, 2021). This con-
ceptual framework ensures that all actions needed for control and elimination of
NTDs, including water and sanitation, are approached in a sustainable and holistic
manner. The framework comprises five stages within each of which relevant tools
are made available. While the focus of this toolkit is not strictly sanitation provision,
it can, in conjunction with the key phase approach, be adapted to inform the devel-
opment of any sanitation and wastewater solutions for decentralised applications.
The five BEST Framework stages are outlined in Table 8.1.

Truly understanding the position, expectations, attitudes and power or influence
of groups and individuals who can affect or be affected by the implementation of
a conventional sanitation solution is extremely important – and even more so with
respect to the implementation of novel solutions such as nature-based sanitation.

8.2.2 Barriers to the Implementation of Nature-based
Solutions for Water Management and Sanitation

It is not unexpected that any relatively “new” or novel approach to water manage-
ment or sanitation will encounter some barriers to implementation. However, like
all such innovations it is useful to consider these barriers in the context of the key
drivers for such innovation. In some cases, issues that are currently barriers can also
serve in the future as key drivers for innovation (e.g. regulation).

Katsou et al. (2020) outlined four main steps for the implementation of nature-
based solutions in creating Circular Cities: (i) planning, (ii) design, (iii) assessment
and, (iv) communication of results. This approach aligns well to the WHO project
phases in sanitation solutions presented in Section 8.2.1, but with the addition of a
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Table 8.1. BEST Framework (NTD NGO Network and World Health Organization,

2019).

Stage Key Questions

1. Setting the
programme
vision

– What are you trying to achieve?
– What will it take?
– How is it linked to a broader (e.g. national) agenda?

2. Building
partnership

– Why should you collaborate with partners?
– How do you collaborate with partners?
– How do you get started?

3. Analysing the
situation

A situation analysis protocol is suggested which contains
the following key headings:

– Identify the analysis team
– Identify and formally involve key stakeholders
– Collect information
– Analyse
– Recommend
– Report

4. Planning and
programme
design

This approach emphasises the following key areas:

– Prioritising long-term policies and strategies rather
than long-term targets

– Continuously linking planning to implementation,
not detailed pre-implementation planning followed
by little monitoring

– Regular monitoring and evaluation to learn from
errors on a continuous basis, rather than periodic
external evaluations

– Continuous dialogue with intended beneficiaries to
adjust activities to their needs

Within this stage the project planning phases suggested
are: (i) gather, (ii) synthesis, (iii) align, (iv) act, (v) verify
and (vi) revisit and realign

A variety of advisory documents and a planning tool are
provided

5. Implementing
and monitoring

This stage focuses on monitoring and evaluation. This
includes monitoring of the implemented project but also
evaluation of issues such as accountability and cost-benefit
analysis. The document proposes the use of a logical
framework (logframe) and includes tools to help carry out
this stage
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further step between steps (ii) and (iii) to include implementation. Barriers will be
encountered in each of these phases, but it should be noted that while some may
be similar across many regions, others may be specific to a particular country or
region. For example, in Europe where there has been increased harmonisation across
many sectors, regional differences are still common. In Western Europe national
guidelines adopted by the government are available for the design and operation
of wastewater treatment wetlands. However, in Central and Eastern Europe, the
adoption of such guidelines is varied: some countries have no national guidance
and some have standards that are decades old (Kabisch et al., 2017). This is despite
treatment wetlands being a well-established technology that is familiar to experts
across all countries.

Table 8.2 summarises from literature and the experience of the INNOQUA
project team, key barriers to the implementation of nature-based water manage-
ment and sanitation systems alongside mitigation measures. Many of the barriers
and mitigation measures are interlinked, and mitigation measures for one barrier
can reduce barriers elsewhere.

8.2.3 Drivers for the Implementation of Nature-based
Solutions for Water Management and Sanitation

Unlike barriers, drivers for the implementation of nature-based solutions are most
prevalent at the early phases of a project. As described in Section 8.1, advocates for
the implementation of nature-based solutions are most often niche groups, ecolog-
ical engineers, environmental non-governmental organisations (NGOs) and “green
movements” (Istenic et al., 2015). So, in considering the current drivers for greater
implementation we should recognise that certain elements that may be current bar-
riers have the potential, with some adaptation, to be drivers. Table 8.3 summarises
the key drivers for the implementation of nature-based water management and san-
itation.

8.3 Acceptance of Nature-based Technologies

An aspect of nature-based biological systems that is particularly relevant to novel
solutions is the issue of their acceptance by society. The INNOQUA team recog-
nised this as requiring careful consideration, particularly in the context of the global
reach of the project and the additional complexities that this implies in terms of
adapting technologies to varying geographical locations, socio-economic groups
and cultural norms. By identifying broad stakeholder groups relevant to the specific
installations at each site and recognising broader interests in a demonstration site
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Table 8.2. Barriers to the implementation of nature-based water management and

sanitation systems alongside mitigation measures (Istenic et al., 2015; Kabisch et al.,
2017; Katsou et al., 2020; Kisser et al., 2020).

Barriers Mitigation Measures

Public awareness and social
acceptance

• High stakeholder engagement
• Improved use of social and digital media tools
• Increased communication regarding the bene-

fits of nature-based systems
• Integration with educational and schools’ pro-

grammes
• Use of local expertise and services during plan-

ning, design, construction and operation

Decision-makers lacking
knowledge of the potential
impact of nature-based systems
in the transition to sustainable
and circular systems

• Link policy and innovation to ensure improved
dissemination between research, deployment,
performance metrics and policy makers

• Holistic analysis of costs and benefits to
include environmental, economic, ecological
and social aspects – i.e. full life cycle analysis

• Analysis of project’s impacts over larger physi-
cal and time scales

• Use of multi-scale physical and temporal sce-
nario analyses/modelling to help de-risk deci-
sion making

Unsupportive (or lack of )
legal/regulatory frameworks

Lack of standards (when
compared to those for
traditional engineered systems

Varying legal frameworks in
countries from the same
geographical region

• Develop legal frameworks that define the roles
of nature-based systems in the water sector

• Inclusion of nature-based systems as part of the
regulatory toolkit to address water and sanita-
tion challenges

• Harmonisation of regulatory systems, design
standards and policies across boundaries where
possible

• Focus on sharing of best practice between
countries and regions

Financial resourcing • Policy that puts sustainability at the heart of
investment (for example, see European Com-
mission (2019) and GCF (2021))

• Holistic analyses of financial costs and benefits
that include multi-functional benefits

• Increased analysis of the role of nature-based
systems in addressing the costs of climate
change

(Continued )
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Table 8.2. Continued

Barriers Mitigation Measures

• Develop procurement policies that prioritise
overall life cycle cost and sustainability rather
than up-front capital costs. This can be at local,
regional and national level but also includes
investment banks and other funders.

Need for large scale
demonstrations and pilots and
lack of technological maturity

Numerous possibilities for
derived end-products can
cause competition and also
reduce benefits

• Innovation funding to enable larger demon-
strations and longer-term performance mea-
surement

• Focus on end products can improve commer-
cial outcomes

• Reduce internal competition between end
products

The role of nature-based
solutions in densely populated
or historical urban centres

• Innovation between stakeholders such as urban
planners, historians, archaeologists, engineers
and architects and the public to re-imagine
how such systems can respect and compliment
sensitive and historical urban centres

Relatively large land area
required by many nature-based
systems

• Design of nature-based systems with multi-
functional uses and integration with existing
land-uses (e.g. parks, green areas etc.)

region or country, the project was able to segment relevant groups whose acceptance
would be most important to the adoption of the proposed technologies.

8.3.1 Stakeholder Identification

For INNOQUA, stakeholders were first identified in generalised terms in an early
project deliverable (D1.2, European Commission (2020b)). The focus of this ini-
tial assessment was stakeholder groups relevant to future demonstrator replication
and exploitation activities such as early adopters, potential end users and potential
partners etc.

A later project deliverable, concerning the Identification and Assessment of
Exploitable Results further refined the INNOQUA stakeholder groups in terms of
target customers and/or end-users for each exploitable result. These target customer
and end-user groups were used as the basis for the identification of the following
generalised key stakeholder groups relevant to the planning, implementation and
success of the INNOQUA system in the INNOQUA Training and Education Pro-
gramme Target segments (D7.4, European Commission (2020b)):
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Table 8.3. Drivers for the implementation of nature-based water management and

sanitation systems.

Driver Rationale

Research and Innovation
Policy

• For example, the ambition of research and
innovation policy is to position the European
Union as a leader in innovating with nature to
achieve more sustainable and resilient societies
(European Commission, 2021). This in turn
will push the adoption of nature-based solu-
tions

Regional and National Policy
Initiatives and/or regulation

• European Green Deal (European Commission,
2019)

• Climate Action policies
• Sustainable resource usage policies
• Environmental protection policy and regula-

tion

Financial Models • Effective water pricing can stimulate uptake
of new innovations if it reflects true finan-
cial, environmental and resource costs includ-
ing operation and maintenance costs (Hrovatin
and Bailey, 2001; Barraqué, 2020)

• Separate charges for water use and effluent
treatment, in particular, can drive industry
towards increased efficiency, investment in
water treatment innovation and closing of local
water cycles

Economic Costs:
Implementation, Operation,
Maintenance

• Relative cost of implementation of traditional
centralised sanitation systems and that of
decentralised nature-based solutions

• Relative cost of operation and maintenance
of traditional centralised systems and that of
decentralised nature-based solutions

Community/social
stewardship

• Benefits of co-design and citizen engagement
in community based green initiatives allow cit-
izens to develop ownership of the local land-
scape, which may in turn increase the engage-
ment in such projects (Shandas and Messer,
2008)

(Continued )
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Table 8.3. Continued

Driver Rationale

Social and environmental
responsibility

• Greater social and environmental responsi-
bility at all levels towards responsible water
resource usage will influence government and
industry – and citizens

• The concept of water footprinting provides a
quantitative approach to determining impact
on water resources (European Commission,
2021)

Awareness and education of
nature-based solutions

• Studies have shown that one of the most
important factors in the successful implemen-
tation of sustainable water management initia-
tives is public outreach. The Windhoek water
reuse project in Namibia points to continued
public education campaigns including media
campaigns and education of children at public
schools that led to the project being embraced
and supported by the public to the extent of
deriving pride from it (du Pisani, 2006; Lahn-
steiner and Lempert, 2007)

• End Users
• Technical Professionals, Installers and Operators
• Promoters, Agents and other interest groups
• Technical Decision makers

Table 8.4 details some of the INNOQUA Stakeholder Groups as they relate to
the initial cohort described above. It should be noted that while Table 8.4 comprises
an overview of all stakeholder groups across the various INNOQUA demonstration
sites, each demonstration site may have involved only particular groups. However,
the stakeholder mapping exercise proved very useful in identifying groups in one
geography that might not otherwise have been considered in another geography.

8.3.2 INNOQUA Social Acceptance Questionnaire

To understand the likely acceptance of the INNOQUA solution a social accep-
tance questionnaire was developed (D7.4, European Commission (2020b)) as a
key engagement tool. The questionnaire was designed to gather information on
likely barriers or issues that could affect the acceptance of respondents of a system
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Table 8.4. Key INNOQUA Stakeholder Groups by segment.

Customers
& End Users

Technical
Professionals,
Installers &
Operators

Promoters,
Agents &

Other Interest
Groups

Technical
Decision
Makers

Decentralised
communities
and housing
collectives

Technology
providers

Promoters of
collective
sanitation systems

Planning
authorities/bodies

Landowners,
self-builders

Utility companies,
municipalities and
water
authorities/bodies

Sustainable
Design
Professionals

Regulatory
authorities/bodies

Hotel Groups,
tourism industry

Managers of
existing
wastewater
treatment facilities

NGOs involved in
implementation
of health solutions
in rural areas.

Policy makers –
regional, local,
national

Decentralised
business and
commercial
operations
especially
agri-industries

Designers and
specifiers, i.e.
engineers,
architects

Farms,
landowners and
local communities
in close proximity
to the
demonstration
sites

Municipalities
interested in water
reuse

such as that proposed by the INNOQUA Project. Specifically, the questionnaire
was developed with four principle aims, to:

1. Establish the level of knowledge of the respondent in terms of wastewater
and wastewater treatment systems

2. Establish the priorities of the respondent in terms of adopting nature-based,
environmentally sustainable wastewater treatment solutions

3. Establish the priorities of the respondent in choosing a wastewater treatment
solution

4. Establish whether the respondent would consider installation of an innova-
tive nature-based system, such as the INNOQUA solution

Although INNOQUA was a global project, a single questionnaire was devel-
oped, without any regional variations (except for local translation), to simplify
comparison between different regions. The questionnaire was principally multiple
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choice to allow for rapid completion by respondents regardless of their level of
understanding and interest in wastewater treatment and environmental sustainabil-
ity. The development of the questionnaire was informed by the work of De Groot
and Steg (2009) and was founded in the concept of the norm activation model
presented in 1977 (Schwartz, 1977). The INNOQUA questionnaire was divided
into five parts, as set out below.

8.3.2.1 Part 1 – General information about the respondent

This section established key demographic and personal information about the
respondent relating to gender, age, religious affiliation, education, employment,
location and type of dwelling, and current wastewater treatment infrastructure. The
section comprised 13 questions (Table 8.5):

• Questions 1 – 5 captured information that could be used to determine par-
ticular patterns or consistencies.

• Questions 6 – 8 related to employment and the type of industry, if any, in
which the respondent was engaged. This may have a direct impact on inter-
pretation of responses to later questions regarding technical knowledge and
the importance or not of adequate wastewater treatment. A question regard-
ing income was included as this can be a significant issue in the prioritisation
of sanitation.

• Questions 9 – 11 related to the respondent’s living situation as this can have
a bearing on the context for answers to later questions.

• Questions 12 and 13 related specifically to the existing treatment of wastew-
ater and established the general knowledge of the respondent of sanitation
and wastewater treatment issues.

8.3.2.2 Part 2 – General questions about the respondent’s

pro-environmental activities

This section was developed to establish the involvement of the respondent in
pro-environmental activities as a determinant of likely future adoption of pro-
environmental behaviours, based on the work of De Groot and Steg (2009) and
Schwartz (1977). The questions established the personal norms of the respondent
by asking them to select the frequency, on a five point Likert scale, with which
they undertook certain actions (Table 8.6). This type of ranking based on ‘vaguely’
quantified frequency response options is not favoured by some academics in the
field of behavioural research but was considered a useful measure in the context of
this study.
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Table 8.5. Questions 1 – 13, including multiple choice answers (where suggested).

1. What is your gender?

Male Female Other Don’t Want to Say

2. What is your age range?

18–29 30–49 50–64 65 years or over

3. In which of the following regions do you currently reside?

Europe South America North America Africa Asia Other

4. Which (if any) is your religious affiliation?

Christian* Muslim Buddhist Hindu Jewish Sikh Not Religious Other Don’t Want to
Say

*(All denominations)

5. What is the highest education that you finished?

No formal
education

Primary
School

Lower
Secondary

Upper
Secondary

Third
Level*

Third Level
Post Grad

Other Don’t Want
to Say

*(College or University)

6. What best describes the industry in which you are usually employed?

Agriculture, Forestry & Fishing Professional, scientific and technical activities

Industry Administrative and support service activities

Construction Public administration and defence

Wholesale & Retail Trade Education

Accommodation and food service activities Human health and social work activities

Information and communication Student

Financial, insurance and real estate activities Other

7. What best describes your job?

Management Staff Professional Operational Staff Technical Staff Administrative Staff Other

8. What is your average monthly income?

e500 or Less e 500–1,000 e 1,000–2000 e 2,000–3,000 e 3000 or above Would prefer not
to specify

9. What best describes your living situation?

I am a homeowner I rent my home I live with my Parents I am in a house/apartment share Other

10. What best describes your main residence?

Detached House Semi-Detached House Apartment/Flat Other

11. How many people are in your household?

I live alone Number of Adults Number of Children

12. Is wastewater arising from your main residence currently connected to a sewerage network?

Yes No I Don’t Know

13. How is wastewater arising from your main residence currently treated?

Untreated On-site
settlement tank
system

On-site septic
tank &
percolation
system

Proprietary
Biological or
Mechanical
on-site
treatment
system

Connected to a
Municipal/
Centralised
Treatment

I Don’t Know



300 Tools for Appraising and Supporting the Adoption

Table 8.6. Likert scale and questions in Part 2 that used this scale.

Never Rarely Sometimes Often Always N/A

1. Do you incorporate pro-environmental activities in your daily routine?
2. Do you take measures to minimise the volume of waste that you generate?
3. Do you favour nature-based solutions when selecting new products or technolo-

gies where possible?
4. Do you choose low energy technologies where possible?
5. Do you choose water saving technologies where possible?

8.3.2.3 Part 3 – The respondent’s opinion on the treatment

of wastewater

In this section, the focus was on establishing the respondent’s awareness of the prob-
lem of uncontrolled and/or untreated wastewater discharge (Problem Awareness)
and respondent’s perception of the effectiveness of mitigation measures (Outcome
Efficacy) that they might take to address the problem. Specific questions regard-
ing the usual behaviour of respondents are also included to further contribute
to establishing “personal norms”. This section was again based on the work of
De Groot and Steg (2009). Questions 2, 3, 6 and 7 addressed Problem Awareness,
questions 8 to 11 addressed Outcome Efficacy and 1, 4 and 5 Personal Norms
(Table 8.7). In this part of the questionnaire, a five-point scale similar to Likert was
used to gauge the respondent’s agreement or not with a series of statements related
to wastewater.

8.3.2.4 Part 4 – The respondent’s criteria in selecting wastewater

treatment systems

In the penultimate section, the questionnaire focused on the importance of various
criteria to the respondent in the selection of a wastewater treatment system. In this
part of the questionnaire, a five-point scale similar to Likert was used to gauge
how important or not a certain criterion was to the respondent (Table 8.8). These
questions were important to better understand the key criteria that different cat-
egories of respondents would consider important when deciding between various
options for wastewater treatment. The results of this aspect of the survey informed
the development of the multi-assessment criteria (discussed in Section 8.4.2) that
were used to compare various design options for the technology. The results also
indicated differences between regions in the level of importance given to each of
the criteria below. For example, respondents from Italy and India considered all of
the criteria to be very or extremely important (i.e. an average score >4 for each
question) whereas respondents from France considered efficiency and performance
to be very or extremely important with aesthetics and visual impacts being of mod-
erate importance (an average score of between 3 and 4). These results were similar
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Table 8.7. Five-point scale and questions in Part 3 that used this scale.

Completely Disagree 1 2 3 4 5 Completely Agree

1. I am aware of what wastewater is and the various sources of wastewater occurring
at the property where I live

2. I have a strong personal obligation to ensure that wastewater generated by me
or my household is connected to an effective treatment system

3. I worry about the negative impact of untreated or poorly treated wastewater on
the environment

4. I consider that biological treatment systems using earthworms that can treat
wastewater to acceptable quality before reuse or discharge are positive solutions

5. I consider that biological treatment systems using crustaceans that can treat
wastewater to acceptable quality before reuse or discharge are positive solutions

6. I consider that biological treatment systems using sunlight that can treat wastew-
ater to acceptable quality before reuse or discharge are positive solutions

7. In selecting a new wastewater treatment system or other technology, I’d feel
guilty if I chose a less sustainable solution over a more sustainable solution of
similar cost

8. The ineffective treatment of wastewater is a problem for society
9. The lack of sustainable and effective wastewater treatment systems has a signif-

icant negative environmental impact
10. Making improvements to the treatment of wastewater from my home/property

will not have an effect on the overall quality of treated wastewater or the
resources

11. Promoting sustainable and pro-environmental wastewater technologies at work
/school /college will have a positive effect on people’s adoption of such tech-
nologies

12. The provision of incentives (such as grants) for installing/adopting sustainable
and pro-environmental wastewater technologies would have a positive effect in
peoples adoption of such technologies

to responses from Tanzania and Peru, albeit with the importance of each category
being rated more equally in Ecuador and aesthetics receiving the lowest average
score in Tanzania. Such data is useful to better understand each market but also very
useful in understanding the differences between stakeholders within each market.
However, as noted later in this chapter, care should be when analysing the results
and drawing conclusions.

8.3.2.5 Part 5 – The respondent’s views on adopting innovative

wastewater treatment systems

In the final section of the questionnaire, the respondent’s views and willingness
to use a new nature-based, sustainable wastewater treatment system (such as those
proposed in the INNOQUA project) were sought. The possible responses were
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Table 8.8. Five-point scale and questions in Part 4 that used this scale.

Not Important 1 2 3 4 5 Extremely Important

1. Ease of Installation (E.g. factors such as size, weight, number of ancillary parts,
whether this is installed over or underground)

2. Efficiency and Performance (E.g. Ability to produce a very high-quality final efflu-
ent)

3. Sustainability and Energy Requirements (E.g. Energy consumption during Oper-
ation)

4. Aesthetics and Visual Impacts (E.g. Factors such as size of unit, whether this can
be installed over or underground)

5. Initial Purchase and Installation Cost
6. Ease of use and maintenance requirements
7. Noise and Odours

Table 8.9. Likert scale and questions in Part 5 that used this scale.

Definitely Not Probably Not Possibly Probably Definitely Yes

1. Would you be willing to adopt a nature-based solution incorporating earthworms
or other micro-organisms for the treatment of wastewater at your residence?

2. Would you be willing to adopt a nature-based solution incorporating crustaceans
or other micro-organisms for the treatment of wastewater at your residence?

3. Would you be willing to use treated wastewater from an onsite treatment system
for non-consumable use? (E.g. Irrigation or domestic applications such as toilet)

based on a 5 point Likert scale indicating the likelihood of the respondent to adopt
a nature-based sanitation solution (Table 8.9).

Overall, the results indicate a greater acceptance of the reality of nature-based
solutions by respondents in countries where a significant proportion of wastewater
is currently untreated. This was reflected in higher overall scores for questions 4, 5
and 6 in Table 8.7 (which ask whether a respondee believes that technologies such as
the ones proposed in INNOQUA could work) and also in relation to the questions
from Table 8.9. Taking the examples of Ecuador, France, India, Italy and Peru – in
all cases respondents from France and Italy were less likely to adopt nature-based
solutions when compared to respondents from Ecuador, India and Peru. It should
be noted that to draw wider conclusions further research it would be necessary to
broaden the response base – but it is an area that should be explored. There has been
previous work analysing public perceptions on treated wastewater reuse (e.g. Smith
et al. (2018); Akpan et al. (2020)) but very limited work exploring acceptance of: (i)
nature-based solutions and (ii) whether public perceptions differ between countries
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or regions. Such work would be valuable to understand what lessons can be learned
from countries with successful applications of nature-based solutions compared to
those where more “traditional” electro-mechanical solutions have been deployed.

8.3.3 Training and Education

An INNOQUA Training and Education Programme (D7.4, European Commis-
sion (2020b)) developed five flexible modules to address some of the identified
barriers, increase knowledge regarding wastewater treatment and provide detailed
knowhow regarding the INNOQUA system and its implementation. The educa-
tion programme was designed with flexibility to serve the needs of the four principle
target participant groups, as described in Section 8.3.1, in the diverse geographical
locations represented within the project consortium.

Although extensive surveys and comprehensive training and education
programmes may not be practical for smaller projects, the concept of using ques-
tionnaires or similar methods to identify barriers and drivers – and to generate infor-
mation that might help develop solutions that mitigate against potential barriers –
is relevant irrespective of the scale of development. Furthermore, the development
and generation of data from such surveys can be a very useful way to connect with
local stakeholders and develop new opportunities such as building on expressions
of interest for new collaborations or leveraging pro-environmental propensities of
any particular group.

8.4 The INNOQUA Approach

The planning, design, development and installation of the INNOQUA project
demonstration sites followed five distinct phases as indicated in Figure 8.2. These
were adapted from Figure 8.1 and were aligned with relevant parts of Steps 2, 3
and 4 in the BEST Framework. Issues such as system start-up, commissioning,
operation and maintenance are considered elsewhere in this book and thus the focus
here is on the planning and advance works.

Figure 8.2. INNOQUA Demonstration Site Design, Development and Installation Phases.
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This first phase considers system selection and any necessary permissions and
approvals that might be required to allow the installation to proceed. In the case
of the INNOQUA project a critical early step in this phase was a multi-criteria
assessment to determine the suitability of the INNOQUA solution to solve the
sanitation issues presented at a potential demonstration site, and to determine the
optimal configuration of the modular INNOQUA solution for that site. The multi-
criteria assessment comprised two stages: Go-No Go and Impact Assessment. This
approach could readily be adapted for other applications, as an aid to the identifi-
cation of an optimal solution.

8.4.1 Multi Criteria Assessment

8.4.1.1 Go-No Go Criteria

The three key Go-No Go criteria included:

• System alignment with local certification requirements
• Confidence that an expected level of performance will be achievable
• Compatibility with local climatic conditions

In the case of INNOQUA the above criteria gave high level decision outcomes
as to technology suitability for each demonstration site. For example, the biosolar
purification system would likely not be compatible with local climate conditions in
Ireland (or Scotland) and thus would not achieve expected levels of performance.
On the other hand the technology was likely to have significant application in India,
Spain or Peru. In the case of local certification requirements there were no particular
barriers in this project to the implementation of any given technology in a full-scale
demonstration capacity – but for commercial deployment local certification would
be necessary.

8.4.1.2 Impact assessment

A key goal in the INNOQUA project was to develop an easy to use “scoring” sys-
tem that would allow comparison of various design options in a comprehensive
and easily understood manner. Weightings could be applied to different assessment
criteria to favour one criterion over another (e.g. to emphasise sustainability over
cost). The impact assessment could be used to compare design options for any
given technology (e.g. the use of different materials during manufacturing) or used
to compare different technologies as a solution to the challenge. Such an assessment
approach could also, for example, be used to compare solutions developed to enable
electricity-free operation of a technology versus one that relied on a centralised elec-
tricity supply or a solution whereby electricity supply is decentralised (e.g. use of
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Cost  

Sustainability 

Visual Im
pact 

Ease of 
Installation  

Figure 8.3. Typical project impact assessment criteria.

solar PV with back up battery storage). The various impact assessment criteria are
shown in Figure 8.3.

Although many of the criteria are qualitative, for ease of comparison between
alternative systems all factors were “quantified” or “scored”. It should be noted that
the specific scales presented in the following sections to “score” or “rate” different
options can be changed for different projects.

In the case of the INNOQUA project the key comparisons being made were
mainly between various design choices for each of the technologies being deployed
rather than specific technologies. However, the assessment approach outlined was
also used to inform later comparison between INNOQUA technologies and other
commercially available systems. In the case of this project such an assessment
could only be done after data had been collected from various demonstration sites.
An example of one such comparison is provided in Chapter 9.

8.4.1.2.1 Cost

The cost of a system was considered as both capital and operational cost incurred
over the expected life of the system. In the case of INNOQUA, life cycle costs
(LCC) were assessed in accordance with the recommendations of ISO 15686-
5:2017 and the European Commission Joint Research Centre (Hauschild et al.,
2011; JRC-IES, 2012). It should be noted that LCC considers costs only,
while whole life costing (WLC) includes costs as well as benefits over a defined



306 Tools for Appraising and Supporting the Adoption

Figure 8.4. Overview of the life cycle stages (from Cradle to Grave) of a wastewater
treatment plant as applied in INNOQUA.

period. When assessing options for the design, construction and operation of the
INNOQUA technologies, the life cycle costs of an integrated treatment solution
were analysed. Figure 8.4 shows the system boundaries and scope of the cost assess-
ment in this case.

Life cycle costs are generally calculated as a net present value (NPV), which
allows the value of projected future costs over the system life cycle to be considered
and compared in terms of their current value. In this project a simple rating on a
scale of 0 to 3 was applied to various costs associated with different design choices –
whereby ‘0’ was applied to high cost solutions and ‘3’ applied to low cost solutions.
This comprehensive approach may not be practical for small scale installers, but
consideration of the operation and maintenance costs of any system should always
be made in addition to initial capital investment costs.

8.4.1.2.2 Environmental impact

Life cycle assessment (LCA) can be used to evaluate the environmental impact of the
sanitation solution proposed for the demonstration sites. The LCA process is the
compilation and evaluation of potential inputs, outputs and environmental impacts
of a product, process or service, through its life cycle (bsi, 2020). The initial phases
of LCA in which the goals and scope of the assessment are defined and life cycle
inventory analysis are carried out, are critical to the robustness of the final outcome
(JRC-IES, 2012). This is where the process boundaries and assessment assumptions
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are confirmed and also where data is collected and interpreted in order to calculate
life cycle impacts.

The environmental impact categories adopted for INNOQUA (to assess life
cycle impacts of different design choices) were those required by the international
reference life cycle data system (ILCD) midpoint method (JRC-IES, 2012). The
choice was made to use only midpoint indicators due to their lower uncertainty
when compared to endpoint indicators; endpoint indicators are impacts at the level
of the areas of protection (e.g. the natural environment, human health or natu-
ral resources), while midpoint indicators indicate impacts somewhere between the
emission point and the endpoint (Finnveden et al., 2009). The associated list of
environmental impact categories is listed below:

• Resource depletion: Mineral, fossils and renewables
• Resource depletion: Water
• Land use
• Acidification
• Climate change
• Ionising radiation ecosystems/human health
• Particulate matter
• Ozone depletion
• Photochemical ozone formation
• Freshwater ecotoxicity
• Human ecotoxicity carcinogens/no-carcinogens
• Freshwater eutrophication
• Terrestrial eutrophication
• Marine eutrophication

A simple rating on a scale of 0 to 3 was again applied, whereby ‘0’ indicated
a relatively high and negative environmental impact and “3” indicated a high and
positive environmental impact. As with the approach to life cycle costing, this com-
prehensive LCA approach to the assessment of environmental impact may not be
practical for small scale installers or installations but even a rudimentary assess-
ment of the potential positive and negative environmental impacts of installation
options is beneficial in determining a suitable solution – and can assist greatly with
stakeholder engagement.

8.4.1.2.3 Sustainability

Demonstrating the feasibility of wastewater reclamation and the reuse of treated
water was one of the key aims of the INNOQUA project and this was used as an
assessment indicator for sustainability. This was done after consultation between
the various partners within the project and cognisant of cost and life cycle impacts
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being accounted for separately. Depending on the specific analysis being under-
taken “sustainability” can obviously refer to other factors.

An evaluation of the potential for reuse of treated water was carried out by com-
paring the regional limits of physical, chemical and biological characteristics for
various reuse options with the expected characteristics of water post treatment by
the INNOQUA system. Full details of the relevant regulations for water reuse (and
indeed other relevant aspects) in each of the demonstration site locations is given
in Deliverable D1.1 (European Commission, 2020b); it can be time consuming
to gather relevant regulations from various countries and thus this resource should
prove useful to other projects.

As before, a rating on a scale of 0 to 3 was used to represent reuse potential.
A rating of ‘0’ indicated no potential for reuse without further treatment following
discharge from the INNOQUA system. A rating of ‘3’ indicated more than one
potential reuse activity following discharge from the INNOQUA system without
the necessity for further treatment. In some sites water reuse was not required or not
considered desirable and in such scenarios would not be considered or this heading
could be given a lower weight compared to others.

8.4.1.2.4 Maintenance

The maintenance of any treatment system can be considered as largely compris-
ing two distinct elements: (i) routine control and inspection e.g. water level, visual
aspects, functioning of pumps and (ii) higher intervention tasks, often requiring
some specialist technical training e.g. parts replacement or disassembly of compo-
nents for cleaning or inspection. The frequency of each of the maintenance tasks
and the level of expertise required for the higher intervention tasks were used to
compare design scenarios for the INNOQUA system. A rating of ‘0’ indicated
that a relatively high frequency or complexity of maintenance may be required at
numerous points within a system (resulting from design choices) and also indi-
cated a dependency on suitably qualified professionals. A rating of ‘3’ indicated
a low frequency and/or complexity of maintenance required at a limited num-
ber of points within the system and a limited dependency on suitably qualified
professionals.

8.4.1.2.5 Visual impact

The visual impact of different design options for the INNOQUA technologies was
evaluated by analysing the overall external volume of the installations. Initially the
project footprint on site was calculated by the total surface occupied (in metres
squared) multiplied by the height above ground of the highest component of the
system. A rating of ‘0’ indicated a significant bulk volume visible aboveground cov-
ering a large footprint and/or height aboveground and indicated high potential
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for visual impact. A rating of ‘3’ indicated low potential for visual impact with
significant amounts of the system below ground level and minimal modules of
height visible above ground. Aesthetics were not considered and thus design choices
in which a system was more visible were considered as less favourable than those
where the system was less visible.

8.4.1.2.6 Social acceptance

A key consideration in the success of any novel technology is whether or not it
will be adopted by end users. Thus social acceptance can be defined as the use,
or adoption of a technology versus just the passive “approval” of a technology, or
intention to use it (Mallett, 2007). In the INNOQUA Project, social acceptance
was explored using a questionnaire circulated to various stakeholders in different
regions to gauge and evaluate their responses, as described in Section 8.3.2. A key
part of this evaluation was the degree to which nature-based systems (particularly
the Lumbrifilter which contained worms) might be accepted by local communities
and professionals.

8.4.1.2.7 Ease of installation

The degree of complexity of installation is a consideration in the selection of any
system. Those requiring extensive and/or invasive civil engineering works and the
involvement of a variety of technical specialists might be less favoured. The quan-
tity of individual components comprising a system is a good indication of the
ease with which installation can be achieved: a component can be a pump sta-
tion or tank or piped connection. In this case ease of installation was assessed
on a scale of 1 to 3 whereby a rating of ‘1’ indicated a number of component
parts in excess of 7, a rating of ‘2’ indicated a number of component parts above
between 5 and 7 and a rating of ‘3’ indicated a number of component parts
below 5.

8.4.1.2.8 Robustness and recovery

These criteria considered the likelihood of the system breaking down during nor-
mal operations and its expected recovery after breakdown or normal periods of
shut down. System recovery following a breakdown was assessed as the time that
the system requires to return back to normal working conditions after a shut-down
period – in this case a shut-down period of less than 1 month was assumed. This
was considered a key feature in many sites – for example an office or commer-
cial premises may be closed for holidays or a wastewater treatment system in a
tourist region may only receive influent wastewater during certain periods of the
year. In the case of the INNOQUA project – design choices that may enable a sys-
tem to recover to normal working conditions with no additional intervention in a
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matter of days was given a rating of ‘0’; if a time period of a number of weeks and
additional intervention (e.g. seeding with activated sludge or new worms etc) was
required a rating of “3” would apply.

8.4.2 Site installation and Setup

8.4.2.1 Planning and location

Once a solution has been identified and its suitability to meet the necessary criteria
has been established e.g. using assessments such as those presented above, there are
a number of additional aspects to be considered in locating the system on a site.
Some of these are linked to securing any necessary permits or planning consents due
to the proposed installation e.g. in Ireland, the Environmental Protection Agency
(EPA) requires certain minimum distances to be maintained between boundaries,
dwellings, roadways and any onsite treatment systems (EPA, 2010). The relevant
local legislative or regulatory body should be consulted to determine requirements
as these are likely to vary considerably from country to country and even within
countries, particularly in areas that have been designated as having particular eco-
logical or environmental significance. The practicalities of transportation and access
for delivery, installation and ongoing maintenance of a system are also factors for
consideration at this early stage in deciding the final onsite location.

8.4.2.2 Pre-installation site works

In most cases, in the implementation of a new on-site sanitation system (whether
nature-based or not), some works are required in advance to prepare the location
and to facilitate the installation. Such works can include the provision of electrical
power supply, installation of pipework and excavations for below-ground installa-
tions.

Pre-installation works were required at the majority of INNOQUA demonstra-
tion sites, the most common being the provision of additional pipework, pump-
ing stations and access chambers – as well as electrical supplies and suitable level
(generally concrete) plinths to take the installations. In Italy, a dedicated room
was designed and constructed in the basement of the demonstration residential
property, while in Tanzania an excavation pit and shelter for the daphniafilter was
required. The availability of contractors, the temperature extremes that limit work-
ing hours and the availability of building materials all posed challenges to the com-
pletion of the works at the site in Tanzania. At the demonstration site in Arequipa
(Peru), the pre-installation works were complicated by difficulties locating existing
power utilities and possible connection points. It is not unusual to encounter such
challenges and careful planning and management of pre-installation works will
ensure that any impact on a planned installation is minimized.
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8.4.3 Stakeholder Engagement

In the development, demonstration and then commercial application of a novel
sanitation system, the process of identifying and engaging stakeholders will vary
depending on the nature and scale of the proposal e.g. whether it is a single house
installation or community-based solution. In this context, stakeholder engagement
is the notification and consultation of those who can effect or be affected by an
installation and its operation. This is carried out with a view to understanding and
addressing any concerns that may be held by such groups and is particularly impor-
tant in a community setting. Where a site is private property and the sanitation
solution concerns a single house installation with limited exposure to the local com-
munity, the number of potential key stakeholders who may be directly impacted by
an installation is limited. However in the case of novel solutions where the role of
early adopters is critical to a solution’s wider acceptance, stakeholders may be identi-
fied beyond the householder, including (but not limited to) technology promoters,
installers, neighbouring property owners and planning/regulatory bodies. The pro-
cess of identifying stakeholders is often intuitive and guided by local knowledge
and/or experience in carrying out similar exercises.

The case for a comprehensive stakeholder engagement strategy was elucidated
by the varying experience of the community-based demonstration sites in Scotland,
Tanzania and India. In the case of the INNOQUA installation at Little Mill (Scot-
land), Scottish Water began stakeholder meetings well in advance of installation.
Key stakeholders such as the Scottish EPA (SEPA), Scottish Water operations teams
the local planning authority and local residents were identified in the early project
planning phases. Consultations were then held to identify and understand poten-
tial issues. Each of the local residents was contacted individually in the planning
stage to discuss the proposed installation and a Scottish Water communications
team also met with the local community. Residents were kept updated on project
progress by letter communication. These consultations proved invaluable and not
only avoided planning objections as the residents’ concerns relating to aspects such
as negative visual impact were identified and addressed in the progressed scheme,
but also promoted a sense of local community stewardship in the project as demon-
strated by their participation in a site open day where the science of the technology
was demonstrated.

In the case of Tanzania, the complex socio-economic landscape within the infor-
mal settlements of Dar es Salaam made early INNOQUA team engagement with
local government authorities, officials and local leaders as well as influential mem-
bers of the community extremely difficult. The inability to identify, contact and
work with all relevant local stakeholders led to significant opposition during subse-
quent system operation, prompted by odours generated during wastewater dosing
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that were exacerbated by operational errors that led to overflows of raw wastewater
into the treatment compound. This highlighted common sensitivities to wastew-
ater management schemes, which can historically be associated with bad odours
and illnesses. Subsequent close collaboration with influential local leaders, coupled
with relocation of the treatment plant within the compound and improvements
to operational practices transformed attitudes and acceptance of the new system,
which then had a local champion with a stake in its success.

In the case of the INNOQUA demonstration site in India, efforts to engage with
community representatives were made early on in the project, however there were
still concerns that led to opposition to the installation of the wastewater treatment
system directly within the community where it could have had the most positive
impact. Instead the facility had to be re-located nearby.

While early-stage engagements were made with community partners and other
stakeholders, our key recommendations to other practitioners include:

1. The use of the stakeholder surveys (outlined in this chapter) could have
been more extensive. This type of survey can be performed online, in-person
or via virtual meetings and can help highlight any potential issues. In the
case of INNOQUA this survey was mainly answered by practitioners and
a broader response base would have been preferable. Response numbers also
varied between countries and to develop more robust analysis more responses
from different stakeholders would be necessary. This should be borne in
mind when analysing results from such surveys and drawing conclusions.
The advantage of allocating resources to such an activity is the development
of a much deeper understanding of local capacity and requirements and thus
the ability to tailor a solution for that market.

2. The development of educational and training materials was planned for
the second half of the INNOQUA project. The development and deploy-
ment of such materials earlier in the project may have enabled improved
feedback from stakeholders and again highlighted potential barriers and
opportunities.

3. At all demonstration sites the project was committed to engaging with, util-
ising and learning from local experts and stakeholders in formal (e.g. via the
survey and site open days) and informal (e.g. impromptu engagement with
stakeholders at demonstration sites) ways. These approaches worked well and
enabled demonstration sites to feel “ownership” over the project. Further-
more, this approach led to better design solutions across the project with
lessons from experts in India being applicable not just to the demonstration
site in India but also to those in other countries.
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Overall, a number of established frameworks and formalised assessment
approaches are available to help practitioners understand attitudes to new tech-
nologies, to contextualise those technologies within a local market landscape and
to support their adoption. Although significant weight is commonly given to engi-
neering and other operational aspects when developing new solutions – our expe-
rience has highlighted the value of early and extensive stakeholder engagement in
securing longer-term success.
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Chapter 9

INNOQUA – Market Opportunities
and Commercialisation

By Domenico Perfido

9.1 Introduction

This chapter explores the commercialisation journey of the INNOQUA technolo-
gies through the application of a sequence of established tools.

A top-down approach was first used to understand market potential at regional
and national scales, exploring aspects such as existing sanitation provision and dif-
ferences between urban and rural wastewater treatment infrastructure. The wider
wastewater market landscapes in each of the INNOQUA partner countries were
then explored through a PESTEL (Political, Economic, Social, Technological, Envi-
ronmental, and Legal) analysis. This identified market opportunities for innovative
decentralised sanitation solutions in terms of current and potential future needs.
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A bottom-up approach was then used to ensure that local wastewater discharge
and reuse requirements were understood, and the demonstration facilities designed
and installed to test compliance against these requirements when treating wastew-
ater from a selection of sources with different pollutant loadings.

Potential stakeholders and competitors were subsequently explored in terms
of products/services offered, associated costs, market share, and strengths before
the INNOQUA technologies were subjected to a SWOT (Strengths, Weaknesses,
Opportunities and Threats) analysis. This informed market positioning and pri-
oritisation which was used to develop an outline commercialisation strategy and
business plan options for the INNOQUA technologies. Since the technologies still
required further market testing at the end of the project, an INNOQUA Alliance
was created to support continued product development and to allow the consor-
tium to capitalise on its collective know-how in researching and commercialising
other nature-based solutions.

The structured approach to market exploration, competitor analysis and prod-
uct/service positioning provides a robust framework that can be readily adapted to
the commercialisation needs of other innovators.

9.1.1 Market Potential

An understanding of the wider market landscape is a key aspect of any commercial-
isation strategy. As an international project, INNOQUA drew on trans-boundary
drivers such as:

• Climate change impacts on water resource distribution and quality
• Impacts of poor/non-existent sanitation provision on health and welfare
• Impacts of wastewater on the wider environment
• Opportunities for resource efficiency, including nutrient and reuse
• The need for reduced energy and resource intensity in wastewater treatment

Several of these are considered in detail elsewhere in this book: Regulations for
wastewater reuse, impacts of poor sanitation provision, water stress and resource
constraints are explored in Chapter 2. More local drivers such as discharge stan-
dards and variations in regulatory approach are explored in Chapter 3. As set out
in Chapter 1, there is a fundamental need to develop and rapidly implement sus-
tainable, cost-effective sanitation solutions if the aspirations of SDG6 are to be
realised.

Top-down market analysis within the INNOQUA partner countries allows
opportunities to be visualised at a global level through data on sanitation provision
(Figure 9.1), which immediately highlights gaps – in this case principally within
India, Peru, Romania and Tanzania.
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Figure 9.1. Percentage of population with access to improved sanitation in a sub-set of
the INNOQUA partner countries, 2017. Improved sanitation facilities “are those designed
to hygienically separate excreta from human contact, and include: flush/pour flush to
piped sewer system, septic tanks or pit latrines; ventilated improved pit latrines, com-
posting toilets or pit latrines with slabs” (UN Water, 2021).

These data do not provide insights into whether or how effectively wastewater is
treated – particularly where sewer systems have been installed. For example, com-
paring Figure 9.2 with Figure 9.1 highlights opportunities for wastewater treatment
in Ecuador, Peru and Turkey. Such treatment could take place on site (prior to dis-
charge to sewer) or at the ‘end of pipe’ prior to final discharge or reuse (the classic
centralised wastewater treatment approach).

In many cases there are also disparities in sanitation provision between urban and
rural populations (Figure 9.3). Although decentralised wastewater treatment solu-
tions can be installed in urban environments, land constraints and other aspects
can mean that rural installations are more straightforward (see Chapter 2 for fur-
ther discussion of this aspect). The headline data suggest significant opportunities
for INNOQUA solutions within rural communities in Ecuador, India, Peru, Tan-
zania and Turkey. Rural populations are also of interest in France, Romania and
the UK – where they number 13.0M, 8.9M and 10.9M inhabitants, respectively
(The World Bank, 2021e).

These top-level sanitation statistics can be inputted into a PESTEL analysis,
as can other readily accessible data such as anticipated sanitation expenditure
(Table 9.1).
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Figure 9.2. Percentage of population connected to sewer with associated wastewater
treatment in a sub-set of INNOQUA partner countries, 2017. Defined as “Proportion of
population using improved facilities which are not shared with other households and
where excreta are transported through a sewer with wastewater and then treated off-
site” (UN Water, 2021).
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Figure 9.3. Percentage of urban and rural populations connected to different methods of
improved sanitation in a sub-set of INNOQUA partner countries, 2017 (UN Water, 2021).
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Table 9.1. Expected yearly investment in wastewater treatment for

INNOQUA partner countries in Europe – for both new and replace-

ment infrastructure, in 2016. Investment data from European Commis-

sion (no date), population data from The The World Bank (2021e).

Aspect Collecting System Treatment Plant Population
Unit EUR per Inhabitant EUR per Inhabitant Millions

Spain 172 489 46.5

France 2,750 1,550 66.7

Ireland 118 205 4.76

Italy 354 397 60.6

Romania 546 198 19.7

UK 576 904 65.6

9.2 PESTEL Analysis

9.2.1 Approach

In this section we explore the status of decentralised sanitation systems in eleven
INNOQUA partner countries through a PESTEL analysis (Political, Economic,
Social, Technological, Environmental, and Legal) (PESTLE Analysis, 2021). Each
of the PESTEL factors was scored as set out in Table 9.2, allowing countries to be
ranked in terms of likely INNOQUA market potential (Table 9.4). The PESTEL
analyses were compiled and scored in collaboration with INNOQUA partners with
specific expertise on wastewater markets in each country. The different aspects that
they considered for each PESTEL factor are summarising in Table 9.3.

Table 9.2. PESTEL factor scoring approach.

GREEN
=

score of between 7 and 10

PESTEL factors are in line with foreseen market
deployment requirements, thus the market landscape is a
driver for implementation of the INNOQUA solutions

AMBER
=

score of between 4 and 6

PESTEL factors investigated present little or no input into
foreseen market deployment requirements, thus the
market landscape is a small/non-factor

RED
=

score of between 1 and 3

PESTEL factors present strong evidence against any
foreseen market deployment requirements, thus the
market landscape is a significant barrier and strong
limitation/risk
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Table 9.3. PESTEL factors and key aspects considered by INNOQUA partners.

Factor Aspects That Were Considered

Political • Policy/Regulatory drivers such as implementation of the EU Water
Framework Directive targets for water body quality – which often
require capture and particular treatment of wastewater. Aspects such
as suspended solids, COD and nutrients are all commonly subject
to regulatory limits

• Changes in administrative structures – such as grouping smaller
communities together – can help to create supportive funding envi-
ronments, but may also encourage adoption of centralised wastew-
ater treatment solutions

• Water reuse may be actively encouraged or incentivised
• Responsibility may be split across different branches of government

and between local/central government agencies – creating barriers
to co-ordinated delivery of sanitation infrastructure

Economic • Costs of wastewater treatment and/or provision of water for drink-
ing, irrigation and other purposes are key drivers. Where wastewa-
ter treatment solutions are already available in a given market, then
the innovation needs to be cost-competitive with these solutions
whether complying with discharge or reuse requirements. Where
current costs are low, then this may represent a significant barrier to
the adoption of INNOQUA technologies. Such costs can be highly
regional within single countries

• In some geographies, costs of sanitation can act as a significant bar-
rier to their actual reuse (for example, costs for a household to con-
nect to a new sewer network might be prohibitive for that house-
holder and deter them from connection). This applies to some parts
of both the Global North and South, and means that no matter how
excellent new solutions are – they must align with the economic
capabilities of target markets

• Wastewater treatment can support sustainable population and eco-
nomic growth, delivering high benefit-to-cost ratios. Establishing
and communicating such factors may be essential when engaging
with potential funders

Social • In many countries, rural and peri-urban populations are less well
served by centralised wastewater capture and treatment than urban
populations – providing immediate market opportunities

• Challenging terrain (for example, mountainous regions) and dis-
persed populations can mitigate against centralised wastewater
treatment infrastructure – providing opportunities for decentralised
approaches

(Continued )
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Table 9.3. Continued

Factor Aspects That Were Considered

• Awareness of the issues arising from malfunctioning or absent
sanitation can be low within communities, businesses and
households – providing various opportunities for education and
promotion of the INNOQUA solutions

• Ensuring acceptance of wastewater reuse can be challenging
• Biodiversity and sustainability may be features of national pride

and discourse, indicating support for nature-based and other
sanitation solutions that preserve or enhance the environment

• Illness and death associated with poor sanitation represent sig-
nificant drivers for change, which may be reflected at political
level

• Independence from centralised systems can appeal – for exam-
ple, by reducing or eliminating reliance on corrupt revenue-
recovery systems

• Corruption at local or national level can support or hinder the
deployment of new solutions

Technological • Even where centralised wastewater treatment infrastructure is
present, it requires specialist operation and maintenance by
appropriately trained (and compensated) staff. Where existing
works have to be enlarged or otherwise modified, the INNO-
QUA technologies may prove a useful low-tech alternative. The
INNOQUA solutions require only periodic specialist attention.

• Where the majority of a country’s population already have access
to a centralised sewer network then the market need for INNO-
QUA may appear low. However, collection of wastewater is not
automatically indicative of wastewater treatment, and INNO-
QUA can have an important role in on-site wastewater treatment
ahead of discharge to sewers that are not connected to down-
stream or ‘end of pipe’ treatment

• Existing decentralised infrastructure (such as septic tanks and
small package plants) requires routine intervention and may pro-
vide a favourable context for INNOQUA, as a low or zero sludge
solution

• Sewage and wastewater can be highly variable, depending on the
local catchment and collection norms. Flexible solutions such as
INNOQUA that are capable of treating concentrated and dilute
(blackwater and greywater) streams provide market advantages

• A lack of existing alternatives may indicate immediate market
potential

(Continued )
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Table 9.3. Continued

Factor Aspects That Were Considered

Environmental • Water shortages at regional or national scale can be important
drivers for uptake of wastewater reuse

• The need to improve the quality of water bodies by capturing
and treating wastewater can be an important driver to develop
and improve treatment technologies in all countries

• Extremes of climate (particularly temperature) are challenging
for all nature-based solutions, and adaptations have to be con-
sidered accordingly

• Irrigated agriculture is a significant user of water in some areas,
and can represent an important driver for wastewater reuse. The
need for nutrient removal/recovery as part of the wastewater
treatment should be considered in the context of potential reuse
where those nutrients can have value as a resource

• Climate change is leading to rapid alterations in precipita-
tion patterns and distribution/flows of surface and ground
water. This is likely to drive interest in local wastewater reuse
initiatives

Legal • In some countries new technologies must obtain Ministerial or
other official approval before they can be placed on the market.
Specific regulatory constraints may be applied to decentralised
systems, whether discharging into aquatic or terrestrial ecosys-
tems

• International legal challenges (for example, of EU Member
States by the European Court of Justice) can force the imple-
mentation of sanitation infrastructure, although may not be pre-
scriptive with respect to centralised or decentralised approaches

• Changes in regulatory approach to existing on-site sanitation can
stimulate interest in alternative solutions

• New legislation on aspects such as health and welfare can provide
strong (indirect) drivers for the uptake of sanitation solutions –
as can legislation on environmental protection in its broadest
sense

• Regulations can make it impossible for decentralised solutions
to achieve the required discharge standards. On the other hand,
regulations and/or enforcement may not exist at all

9.2.2 Country-specific Results

European countries are generally considered industrialised, an important market
driver for INNOQUA deployment. However, the variety of political regimes and
distinct climate zones is reflected in the range of standards and regulations across the
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different countries. Cities and conurbations>2000 PE within the EU are required
to collect and treat their own wastewater under the Urban Waste Water Treatment
Directive – while discharges from smaller communities and individual dwellings
may be subject to local regulation. In Spain 350 million m3 and in Italy 240 million
m3 of wastewater are re-used per year (Jimenez and Asano, 2008), while in France
less than 1% of wastewater is reused (Plat et al., 2019). Since rural, mountainous,
and coastal regions in several European countries are frequently not connected to
the water network and the opportunities for the re-use of natural resources increase,
there are clear opportunities for the INNOQUA system.

Sanitation is a key topic for South American sustainability plans (it was even
integrated into the 2016 New Urban Agenda delivered by the United Nations
in Quito). On the other hand, the Latin American market is very heterogeneous and
does not benefit from large common legal, cultural or organizational tools among
the different countries in the continent; hence this market is much more a sum of
several national markets than a large homogeneous market. However, countries like
Ecuador and Colombia share many similarities, and the same is true of Peru and
Bolivia (for example). Hence demonstration of the INNOQUA solutions in partic-
ular countries can be used to understand and extend market perspectives through
these related countries, before extending to a broader continental scope.

As with Europe or South America, wastewater treatment in countries within
the Middle East, Africa, and Asia requires unique and contextual solutions which
consider metrics such as culture and climate variability, affordability of technolo-
gies, space constraints (due to growing costs of real estate) and reduced electrical
loading/maintenance requirements. While these indicators are consistent with mar-
ket research for INNOQUA in other regions, they become particularly important
when assessing market replication potential in Turkey, Tanzania and India. During
the course of the INNOQUA project a comprehensive review of each country was
completed.

Based on the detailed PESTEL analyses, each studied country was ranked
(Table 9.4). In some respects, this ranking may appear counterintuitive since coun-
tries such as India and Tanzania have obvious needs for additional wastewater treat-
ment. However, the value of the PESTEL approach is that it provides a standard-
ised, expert-driven objective approach to market review – and factors such as the
availability of funding, local corruption, community interest and awareness, and
absence of supportive regulatory environments can all mitigate against target mar-
kets that might otherwise appear promising. The summaries below are intended to
highlight some market barriers and opportunities in each country; further detail
can be viewed in the pre-market assessment (Elia et al., 2017).
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Table 9.4. PESTEL Scoring results.

Position Country Competition Metrics Score

1 Turkey Score 44

2 Peru Score 43

3 Italy Score 41

4 France Score 39

5 Ireland Score 38

6 Spain Score 38

7 Ecuador Score 38

8 India Score 38

9 UK Score 36

10 Tanzania Score 34

11 Romania Score 33

9.2.2.1 Ecuador

With less than 10% of wastewater receiving treatment, Ecuador has a huge mar-
ket potential for INNOQUA technologies. Over two-thirds of the population live
in cities, the urbanisation rate is high, and while in urban areas the majority of
houses are connected to a sewage network, most of the collected wastewater is
untreated. With the expansion of cities, expansion of infrastructure is lacking. This
is an opportunity for decentralised wastewater treatment solutions.

Outside urban areas, rural areas and small municipalities are also an area of
interest. Local municipalities struggle to attract funding from regional or national
programs and often lack the skills to implement and maintain a complex wastew-
ater treatment system. To be successful, INNOQUA not only needs to deliver the
technology, but also pay attention to relevant stakeholders such as local citizens, pol-
icy makers and local authorities, offer awareness campaigns and training sessions
and provide support with respect to project and financial management. Linking
to existing programs, such as green building initiatives or national programs like
the Prosaneamiento project (Banco Interamericano de Desarrollo, 2014), will be
required to attract the necessary funding. Partnerships with local firms will ensure
buy-in from local authorities and the local community. Any system, including a
nature-based system such as INNOQUA should be inexpensive and easy to oper-
ate and maintain to ensure local staff can operate the system.

Alternatively, INNOQUA can target the tourist industry – particularly in rural
regions and in national parks. Resorts need to comply with strict ecological rules
when they are operating in the national parks and nature-based systems such
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as INNOQUA can contribute positively to enabling sustainable development of
tourism industries.

9.2.2.2 France

With an estimated installation of five million individual household wastewater
treatment installations, the French market is of interest for decentralised nature-
based solutions. The introduction of wastewater certificates in 2012 (which may
not be older than three years) means that existing decentralised sanitation facilities
are likely to be renovated or renewed more frequently, resulting in more oppor-
tunities for customers to consider switching to the INNOQUA system. On-site
treatment units are priced in the range of e 5,000 – e 15,000 while costs for
sludge removal over the lifetime of the system are around e 2,000.

9.2.2.3 India

Since its independence in 1947, India has grown to become the world’s fifth largest
economy, home to over 1.3 billion people. India is still considered a developing
country and 400 million Indian people live in poverty (The World Bank, 2021a).
Wastewater treatment is done in a highly decentralised and uncontrolled manner,
while much of the wastewater remains uncollected and untreated (Schellenberg
et al., 2020). Despite environmental initiatives like the Clean India Mission and
Clean Ganga Mission, general environmental awareness remains low. In many
cases, industrial and domestic wastewater are mixed where separate treatment may
be required. This can make it more challenging for nature-based solutions and
indeed any technology that relies on biological treatment to deliver a standard
solution for domestic environments. Lack of coordination and enforcement by
local authorities has resulted in a broad range of local solutions for industry and
households.

Legislation in some municipalities requires apartment buildings to install local
wastewater treatment systems, although the extent of any regulatory oversight of
this requirement is unclear. Where a system could meet the specific demands for
this segment, such as a small footprint, low maintenance and capable of fully func-
tioning in a basement, there are opportunities for nature-based solutions. Other
areas where nature-based systems such as the INNOQUA system could add value
are buildings or groups of buildings with no access to a central sewage system like
schools, hospitals and informal settlements. Since the wastewater market in India
is highly competitive, with many local and foreign solution providers, any system
must be priced in line with competing solutions.

9.2.2.4 Ireland

Ireland has been one of the fastest growing economies in the Eurozone. Water
charges, which were introduced in recent years for domestic users, have now been
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abandoned for political reasons. Albeit, while in place the majority of domestic
users had paid the required charges.

In the past decades, wastewater treatment in urban areas has improved signifi-
cantly but compliance rates for effluent quality are low compared to EU rates as a
whole (European Commission, no date). In 2015, untreated wastewater from 43
areas was routinely discharged to the environment. Urban wastewater continues to
be one of the principle pressures on water quality, affecting bathing water quality
and contributing to river pollution. The connection rate to a centralised sewerage
system is now nearly 100%, leaving little room for an INNOQUA system in an
urban context in Ireland.

In rural areas, wastewater from around 500,000 dwellings is treated on-site as
there is often no connection with a central sewerage system. In 2014, a National
Inspection Program started. In a first round of inspections of on-site decentralised
wastewater treatment systems nearly 50% failed to meet safety and health standards
(epa, 2015). Public awareness about health risks related to malfunctioning septic
tank systems is relatively low. Local authorities stimulate the installation of group
sewage systems in rural areas. The INNOQUA system would fit this market, but
would need to address also public behaviours, awareness and attitudes regarding
on-site wastewater treatment systems (Hynds et al., 2017).

9.2.2.5 Italy

Italy is characterised by a fragmented and complex wastewater market, with big
differences in the quality of wastewater treatment plants and problems meeting EU
directives. Italian legislation encourages wastewater reuse, particularly as a means
of reducing primary abstractions and improving water body quality. Italian legisla-
tion for treatment and reuse of wastewater is based on the Technical Regulations on
Treated Wastewater Reuse (Ministero dell’ambiente, 2006) which, in conjunction
with other legislation, establish discharge and reuse quality limits. Treated wastew-
ater can be used for the following:

• Irrigation of crops for food and feed production, as well as amenity landscap-
ing and land used for other non-food purposes;

• Firefighting and wash-down of streets in urban centres;
• Cooling and heating;
• Toilet flushing (in buildings with dual networks: one for potable water and

one for flushing only); and
• Various industrial processes (Re et al., 2021).

Pressures on groundwater are particularly high in southern Italy, and regional
governments add specific prescriptions to the national regulations to suit local
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circumstances. For example, in Sardinia the direct re-use of treated wastewater
for potable purposes is allowed (Sanna, 2019). Sicily is particularly under-served
with respect to wastewater treatment infrastructure, with a number of incomplete,
undersized, or outdated plants that serve around 60% of the island’s population.
Innovations in this area are particularly needed (Re et al., 2021).

9.2.2.6 Peru

According to reports from the World Bank, Peru has a healthy and fast-growing
economy (The World Bank, 2021b). People have a high level of environmental
awareness and there is strong political support for water management programs.
Peru suffers from water shortages, especially in the coastal region, where the major-
ity of the people live. One third of the localities do not have a system for water
treatment, providing an opportunity for an INNOQUA system serving individual
or groups of houses.

As the largest consumer of water and producer of wastewater, industry is an
important market for decentralised wastewater treatment systems. On a per case
basis the characteristics of the effluent needs to be studied in order to configure any
decentralised treatment system correctly. This customisation will increase the price
and also makes the offering of standardised solutions more complex.

9.2.2.7 Romania

Although the economic situation and living standards have improved since Roma-
nia became a full EU member in 2007, low income remains an important problem –
particularly in rural areas where the majority of houses are not connected to drink-
ing water or wastewater systems, and where people have little room for expenditure
on sanitation systems. However, an inflow of EU funding and expected economic
growth mean there is an expectation that the market for wastewater treatment tech-
nology will grow.

Local wastewater solutions for small communities and rural areas in Romania
should be simple and inexpensive. Apart from the technologies themselves, INNO-
QUA should also offer an education program to raise awareness of responsible
wastewater management and to set out how to implement a local wastewater sys-
tem. One option is to offer INNOQUA as part of a regional development program,
involving multiple stakeholders in a single region, such as tourist facilities, SME’s
and municipalities.

However, a high level of corruption means that Romania has been ranked second
in the list of most corrupt countries in the developed world (Transparency Interna-
tional, 2017), making it more difficult for external companies to access potential
markets. Licensing of INNOQUA technology to local SME’s could be a way to
bypass these issues.
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9.2.2.8 Spain

Spain is the fourth-largest economy in the Eurozone. Spain has been emerging from
recession since 2013. The unemployment rate at 18.4% is still high (as of 2016).
98% of households are connected to public sewer (OECD, 2012). The number of
water-stressed regions, especially in the south of Spain, is likely to increase because
of more frequent droughts due to climate change. Water conservation and wastew-
ater reuse will become more important in the near future. In agriculture, the total
irrigable area will increase. In urban areas, wastewater reuse programs have started.
This is an opportunity for nature-based solutions, which can offer a local wastew-
ater treatment system for farmers.

9.2.2.9 Tanzania

Both Tanzania’s economy and population have grown steadily in the past decade.
Despite the economic growth, still around 12 million people live in extreme poverty
earning less than USD 0.60 per day (The World Bank, 2021c). Only 10–15% of
the urban population has access to a sewerage system. Cultural norms limit the
reuse of water to non-food related purposes.

Domestic wastewater is the main source of water pollution resulting in health
risks. Lack of road infrastructure makes sludge removal difficult in many remote
areas. This is an opportunity for the INNOQUA system to deliver a decentralised
low-sludge system in rural settlements although the high poverty levels require new
social business models or additional funding from donor programs or private foun-
dations.

Another opportunity are hotels and the hospitality industry which are heavy
water users and need to comply with various regulatory requirements. They risk
being shut down when not meeting these standards. This is a strong incentive to
invest in water management and an opportunity for INNOQUA, especially since
hotels often have difficulties connecting to a centralised sewage network.

9.2.2.10 Turkey

Turkey’s economy has developed strongly in the past decades, resulting in increased
employment, less poverty and strong urbanisation. Lately, economic growth has
slowed due to political uncertainty and terrorist attacks (The World Bank, 2021d).
It is unknown what the effect will be on the further development of water and
wastewater regulations since developments have largely been driven by harmonis-
ing with EU law. In the past, economic growth has prevailed above environmental
performance, which is regarded as weak. Enforcement of existing laws and regula-
tions is poor (Business Monitor International, 2015).

Opportunities exist in agriculture where water stress increases the need for farm-
ers to reuse wastewater for irrigation, especially in the western part of Turkey.
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Another opportunity is in the increasing water consumption of the growing indus-
trial sector. The need for water reuse will increase and nature-based systems such as
INNOQUA could configure their system to target eco-friendly businesses.

9.2.2.11 United Kingdom

The majority of households are connected to centralised drinking water and
wastewater systems, although septic tanks are commonly used in rural areas – with
estimates of 500,000 or more households using such systems for wastewater dis-
posal (The Sunday Times, 2019). Recently introduced rules clarify the responsibil-
ities of users of such systems and may incentivise upgrades or replacement of these
decentralised units (Defra, 2015).

The UK has a highly developed wastewater management system and has estab-
lished a strong regulatory framework and supporting policies, in line with the Euro-
pean Water Framework and Urban Waste Water Treatment Directives. The decision
of the UK to leave the EU brings uncertainty with respect to the development of the
UK economy and the influence on environmental policies and targets is unknown.

Where regulation with respect to nutrient and pesticide pollution is becoming
stricter, the INNOQUA system could offer an inexpensive on-site solution for agri-
culture. For remote rural areas, an INNOQUA system providing a low sludge solu-
tion is of interest because of the difficulties such areas face with sludge removal.
Overall, the UK wastewater market is a mature market with niche potential for
decentralised systems in rural areas where households and small communities are
reliant on septic tanks for wastewater disposal.

9.3 The Competitor Landscape

This section provides an overview of the most common decentralised/on-site san-
itation systems, and some of the principle advantages and disadvantages of these
are highlighted (Table 9.5) (further detail on the majority of these systems is pro-
vided in Chapter 3). Commercial examples of relevant technologies were identified
for individual INNOQUA target countries and scorecards developed to summarise
market knowledge for those technologies – informing future commercial position-
ing of INNOQUA solutions.

For each treatment type, Table 9.6 provides an overview of the presence or
absence of any of the described technologies in INNOQUA target regions. This
table has been developed from INNOQUA partner feedback from within each
region.

Having identified existing decentralised wastewater treatment solutions for
potential target countries, scorecards of key characteristics were developed for
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Table 9.5. Description of existing treatment type: advantages and disadvantages (Elia

et al., 2017).

Treatment
Type Advantages Disadvantages

Aquatic Systems

Stabilisation
lagoons

• Low capital cost
• Low operation and maintenance

costs
• Low technical manpower require-

ment

• Require a large area of land
• May produce undesirable odours

Aerated
lagoons

• Requires relatively little land area
• Produces few undesirable odours

• Requires mechanical devices to
aerate the basins

• Produces effluents with a high sus-
pended solids concentration

Terrestrial Systems

Septic tanks • Can be used by individual house-
holds

• Easy to operate and maintain
• Can be built in rural areas

• Provides a low treatment effi-
ciency

• Must be pumped occasionally
• Requires additional infrastructure

for periodic sludge treatment/
disposal

Constructed
wetlands

• Removes up to 70% of solids and
bacteria

• Minimal capital cost
• Low operation and maintenance

requirements and costs

• Needs lot of land
• Nutrient removal can be a chal-

lenge
• Requires periodic removal of

excess plant material
• Best used in areas where suitable

native plants are available

Mechanical Systems

Filtration
systems

• Minimal land requirements; can
be used for household-scale treat-
ment

• Relatively low cost
• Easy to operate

• High maintenance
• High level of preliminary treat-

ment
• Large footprint

Vertical
biological
reactors

• Highly efficient treatment
method

• Requires little land area
• Applicable to small communities

for local-scale treatment and to big
cities for regional-scale treatment

• High cost
• Complex technology
• Requires technically skilled man-

power for operation and mainte-
nance

• Needs spare parts (availability)
• Has a high energy requirement

(Continued )
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Table 9.5. Continued

Treatment
Type Advantages Disadvantages

Membrane
bioreactors
(MBR)

• Fine screening for suspended
impurities

• Low space requirement
• Adaptable to variable polluting

loading

• Limited references in industrial
application

• Requires skilled operators
• High capital cost
• High operating cost

Biological Systems

Activated
sludge

• Highly efficient treatment
method

• Requires little land area
• Applicable to small communities

for local-scale treatment and to big
cities for regional-scale treatment

• High cost
• Requires sludge disposal area

(sludge is usually land-spread)
• Requires technically skilled man-

power for operation and mainte-
nance

Worm
Systems

• Low capital cost
• Low operation cost
• Low technical manpower require-

ment

• Need specific temperature (10◦–
27◦C)

• High maintenance cost

exemplar solutions to allow more detailed comparison with the INNOQUA solu-
tions. The scores were weighted towards eco-sustainability aspects such as sludge
production and potential for wastewater reuse after treatment. Overall scores were
used to determine the detail of further investigation required for each competitor
technology (Table 9.7), an example of which is presented in Table 9.8.

9.3.1 Positioning INNOQUA Within the Market (SWOT
Analysis)

The four INNOQUA treatment technologies can be combined in different ways
in order to achieve the most adequate sanitation system according to specific
end-user/market requirements. SWOT analyses were undertaken for each of these
(Table 9.9).

The SWOT analyses provide a snapshot of the status of each technology
(strengths and weaknesses) as well as suggesting directions for future exploitation
strategies (opportunities and threats). Taken together with the PESTEL analyses,
these aspects were used as the basis for the design of value propositions and INNO-
QUA system business models (Figure 9.4).
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Table 9.6. Mapping of decentralised wastewater treatment technologies. Shading is

indicative of market knowledge: green indicates that examples of the technology are

known to be used in a region; amber means that there is uncertainty as to whether

that technology is in use; red means that there is a high degree of confidence that the

technology is not used.

East Eastern Western Turkey & Latin South
Africa Europe Europe Middle East America Asia

Stabilization
Lagoons

Aerated Lagoons

Septic Tanks

Constructed
Wetlands (CW)

Filtration
Systems

Vertical
Biological
Reactors (VBR)

Activated Sludge

Worm Systems

Membrane
Bioreactors
(MBR)

Table 9.7. Scoring metrics for competitor analysis.

Competition Metrics Further Investigation Indicated?

GREEN CELL
score of 12 or greater

Analysed product features or services being offered require a
detailed cost-benefit analysis with INNOQUA solutions.

YELLOW CELL
score between 8–11

Analysed product requires a limited further analysis in
relation to INNOQUA solutions, further research on costs
may be required

ORANGE CELL
score between 4–7

Analysed product is not a direct INNOQUA system
competitor but could occupy a market share. Further
analysis about the market potential is required

RED CELL
score between 0–3

Analysed product requires no further analysis
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Table 9.8. Example competitor scorecard – in this case for the DEWATS system in India.

End-user country India Producer country India

Climate Wide range

Market target Domestic

Product Name Company Product Image Product Cost Management
Cost

Level of
Installation

Availability
of materials

DEWATS CDD India EUR800 (4 PE) Low Easy Yes

Description The decentralised wastewater treatment system is a simple design, non-dependent on energy,
reliable, long lasting, tolerant towards inflow fluctuation and low in costs. It can treat organic
wastewater from domestic and industrial sources.

DEWATS is based on different natural water treatment techniques which are combined
according to requirements such as the characteristics of wastewater, desired effluent quality
and technical specifications.

Website http://www.cddindia.org/dewats.html

RESULT AND

CHARACTERISTICS(1) THIS PRODUCT INNOQUA SOLUTION COMMENTS

Small size 1 1

Modular tanks 1 1

SCORES: 13 vs
15
The INNOQUA
system aims to be
more
eco-sustainable due
to the
characteristics
pertaining to low
sludge.

Minimum moving parts/complexity 1 1

No pumping 1 1

Small footprint post installation 1 1

Easy transportation 1 1

Low weight 1 1

Low sludge(2) 0 2

Treated water reuse(2) 3 3

Complete treatment process

(primary, secondary and tertiary)(2) 3 3

SCORE 13 15

Purchase cost EUR800

Installation cost(3) EUR120

Maintenance cost(3) EUR100

Average cost per PE EUR185

NOTE (1): Characteristics agreed with INNOQUA partners and gathered from the market product
research

NOTE (2): The reference scores are weighted towards eco sustainability impacts. For this reason,
the score is 1 for each characteristic with exception of those more related to eco sustainability

NOTE (3): Where not available, the installation cost is estimated as 15% of the purchase cost. The
maintenance cost is estimated (if not specified in the product datasheet) as 5% of the sum of
purchase and installation costs

http://www.cddindia.org/dewats.html
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Table 9.9. SWOT analyses for each INNOQUA technology.

Lumbrifilter

Strengths → Low sludge production
→ Domestic scale, suitable for small and medium-sized

communities
→ Low energy usage, no external energy is required
→ Relatively low space requirement and buried option
→ Pre-produced system, no on-site construction work
→ Patented technology

Weaknesses → Only for wastewater with high organic loading (domestic
wastewater)

→ Not suitable for climates with extreme temperatures, opti-
mal operating temperature is between 0–30◦C or need to
be insulated

→ Further wastewater treatment needed for other uses than
irrigation

→ It needs a pre-treatment based on fine screening

Opportunities → Suitable for isolated dwellings not connected to the sewer.
Low cost for sludge disposal

→ Suitable for areas with limited or difficult space require-
ments, e.g. expanding urban areas

Threats → Industrial anaerobic wastewater systems that generate
energy (bio-gas)

→ New industrial wastewater systems that generate only very
limited amounts of sludge

→ Tailored biological wastewater solutions for specific appli-
cation areas

Daphniafilter

Strengths → Biological solution, no chemicals required
→ Low-cost solution
→ High level of E. coli inactivation and solids removal. Val-

ues higher than sand filter
→ Small footprint/size system. It can be buried
→ Enables domestic wastewater reuse

Weaknesses → Daphnia development is ensured in a water temperature
range from 6◦C to 26◦C

→ Daphnia population vulnerable to increased nutrient con-
centrations in wastewater, especially organic matter con-
tent

→ Minimum HRT of 12 hours, with punctual overloads at
6 h HRT

→ It needs appropriate primary/secondary treatment

(Continued )
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Table 9.9. Continued

Opportunities → Post treatment is required for safe re-use of wastewater
→ Suitable for isolated dwellings not connected to the sewer

Threats → It needs appropriate primary/secondary treatment

Bio-Solar Purification

Strengths → Recovers mineral nitrogen and phosphorus
→ Enables re-use of domestic wastewater
→ Creates fluid biomass suitable for irrigation in agriculture
→ Patented technology
→ Environment friendly

Weaknesses → Filter adapts to the contents of the wastewater therefore
it is not possible to predict the performance of the filter
beforehand

→ Regular cleaning of light entrance surface required
→ Only operational at day-time when direct sunlight is avail-

able
→ High space required

Opportunities → Suitable for isolated dwellings not connected to the sewer
in warm climate regions

→ Possibility to recover and use the effluent for irrigation

Threats → High space required for installation

UV purification

Strengths → Environment friendly
→ Cost-effective
→ No disinfection by-products

Weaknesses → During evolution, micro-organisms may adapt to UV
irradiation

→ Hard water or water that is high in iron content can absorb
the UV rays before they are able to deactivate micro-
organisms

Opportunities → UV disinfection generally accepted by the market
→ LED prices still dropping

Threats → Mature market with many competitor products

9.4 INNOQUA Commercialisation Strategy

For any technology developed and demonstrated in a project such as INNOQUA
to reach a stage whereby it can be commercially viable it is necessary to develop
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Figure 9.4. Relation between SWOT Analysis and Business Model design.

strategies that best enable the technology to be successfully deployed in any given
market. One of the first steps is to decide who owns the intellectual property and
how this can fit in with wider commercialisation goals. A number of valorisation
options were considered within the INNOQUA project consortium, accounting
for the Intellectual Property Rights (IPR) associated with each of the treatment
technologies. These options are outlined below:

• Externalisation – The responsible INNOQUA “provider” will be one (or
several) selected, external company/companies that is/are not part of the
(in this case) INNOQUA consortium. The required IPR components (i.e.
licenses) could either be sold to this company, or they could be transferred
under special agreements and even for free, if the consortium partners owning
the IPR agree.

• Internalisation – This strategy describes the implementation of some or all
of the technologies as a product in one of the consortium partners’ prod-
uct portfolios. By buying or licensing parts of the IP, the responsible partner
will guarantee the maintenance, marketing, augmentation with new tools
and/or transfer of the platform or individual modules to industrial sectors
areas not included within the original INNOQUA demonstration sites. Addi-
tionally, this strategy could be realised also by two or more partners of the
consortium – each of them responsible for a different technology. If a partner
requires outsourcing to deploy the system, it would be included within this
strategy.

• Spin-off/Joint Venture – This strategy involves the consortium (or one
or more partners within the consortium) creating a “spin-off ” company or
“Joint Venture” working with the INNOQUA technologies as main prod-
uct. Therefore, the essential know-how needs to be concentrated on this new
company, which would be also responsible for marketing and maintenance
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activities. Some or all IP rights could be licenced to this spin-off or join ven-
ture on an exclusive or non-exclusive basis.

• Alliance – This strategy aims to create an association of stakeholders
(researchers, industrials, software providers, service providers, etc.) work-
ing together to enable the development of products/services based on the
project outcomes. Such an alliance would provide mainly specification con-
tributions (e.g. technical or non-technical requirements), and possibly ref-
erence implementations, test suites and certification, to foster a valuable
cross-industry ecosystem. Members of the alliance can make these specifi-
cations evolve through common agreement, as well as provide new refer-
ence implementations of the specifications. Technical solution manufacturers
can also implement these common specifications in their own products, thus
guaranteeing a certain level of compatibility and interoperability with other
software products.

• Research & Development – This strategy describes the consortium using
the current version of the technologies to build a new proposal and search for
additional funding to continue research activities.

9.4.1 Developing a Business Model

The methodology utilised in order to define a common Business Model for the
INNOQUA System was the Business Model Canvas (BMC) (Osterwalder and
Pigneur, 2010). The canvas, its images, and its approach is intentionally visual and
intended to foster creativity and interaction amongst collaborators. It uses nine
building blocks to describe all aspects related to a business model. An adapted can-
vas from Osterwalder’s approach and the key questions associated with the devel-
opment of each of the building blocks is shown in Table 9.10.

To successfully bring technologies such as those developed and demonstrated
in INNOQUA to the market, a combination of business actors is required. Each
business actor delivers a specific part of the solution and has its own transaction
mechanism. This combination of business actors and their connections is called a
value network. Figure 9.5 shows an example of a value network for the INNOQUA
System.

This particular value network foresees a single provider of the INNOQUA Sys-
tem, using components and technologies from various manufacturers and suppliers.
A local contractor will manage the actual installation of the INNOQUA System at
the customer’s site. For most providers of technology and equipment a transaction-
based model is foreseen, except for the provider of the INNOQUA software plat-
form, which can be made available on a per customer license basis. To obtain a
clearer understanding of how the INNOQUA System can be positioned into the
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Table 9.10. Business Model Canvas and Questions for each aspect.

Customer Customer
Key Partners Key Activities Value Propositions Relationships Segments

Who are our
key partners?

Who are our
key suppliers?

Which key
resources are
we acquiring
from our
partners?

Which key
activities do
partners
perform?

What key
activities do
our value
propositions
require?

Our
distribution
channels?

Customer
relationships?

Revenue
streams?

What value do we
deliver to the
customer?

Which one of our
customers’
problems are we
helping to solve?

What bundles of
products and
services are we
offering to each
segment?

Which customer
needs are we
satisfying?

What is the
minimum viable
product?

How do we get,
keep and grow
customers?

Which customer
relationships have
we established?

How are they
integrated with
the rest of our
business model?

How costly are
they?

For whom are
we creating
value?

Who are our
most
important
customers?

What are the
customer
archetypes?

Key resources Channels

What key
resources do
our value
propositions
require?

Our
distribution
channels?

Customer
relationships?

Revenue
streams?

Through which
channels do our
customer
segments want to
be reached?

How do other
companies reach
them now?
Which ones work
best?

Which ones are
most
cost-efficient?

How are we
integrating them
with customer
routines?

Cost structure Revenue streams

What are the most important costs
inherent to our business model?

Which key resources are most
expensive?

Which key activities are most
expensive?

For what value are our customers
willing to pay?

For what do they currently pay?

What is the revenue model?

What are the pricing tactics?
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Figure 9.5. Value network of INNOQUA system.

Figure 9.6. Business model canvas for an INNOQUA System Provider.

market, we zoom in to the business model of the INNOQUA System Provider.
Figure 9.6 uses a business model canvas to illustrate this model.

Another key aspect of commercialisation is the readiness of the selected innova-
tion for market entry. The European Commission, in common with many other
funders and technology providers defines technology readiness on a standardised
scale of Technology Readiness Levels (TRLs). These are indicators of the maturity
level of particular technologies, and the measurement system is intended to provide
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Table 9.11. Technology Readiness Levels as defined by the European Com-

mission (European Commission, 2019).

Technology Readiness
Level (TRL) Description

1 Basic principles observed

2 Technology concept formulated

3 Experimental proof of concept

4 Technology validated in lab

5 Technology validated in relevant environment

6 Technology demonstrated in relevant
environment

7 System prototype demonstration in
operational environment

8 System complete and qualified

9 Actual system proven in operational
environment

Table 9.12. TRL of the INNOQUA technologies at the end of the project.

INNOQUA Technology TRL at completion of INNOQUA Project

Lumbrifilter TRL 7–8

Daphniafilter TRL 6–7

Biosolar Purification TRL 6

UV disinfection TRL 9

INNOQUA integrated system TRL 7

a common understanding of technology status applicable to the entire innovation
chain (European Commission, 2019) (Table 9.11).

The TRL status of the separate INNOQUA treatment modules and integrated
platform at the end of the project are set out in Table 9.12. While the UV
disinfection system is ‘market ready’ at a TRL of 9, the other modules can be
described as ‘pre-commercial’. Thus, a further phase of in situ beta testing would
be required before these units are fully ready to release to the market. In this case it
was not considered appropriate to develop a detailed business plan or commercial-
isation strategy for the integrated INNOQUA system. Instead, the emphasis has
been on development of an INNOQUA Alliance – to act as an umbrella that will
allow for continued development of the technologies by existing and new partners,
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as well as providing opportunities to address other technologies in related market
sectors. The INNOQUA Alliance is introduced in Section 9.4.2.

9.4.2 The INNOQUA Alliance

A key issue at the end of large research projects is how to ensure partners can
work together to continue to develop promising results. In some cases, the answer
may be that the technologies are ready for market but in many cases a consortium
will not be in a position to continue working on promising technologies after the
project has ended. In the case of INNOQUA it was decided that the most suit-
able route to ensure partners could continue to collaborate and develop further
the technologies and/or exploit further opportunities for technology demonstra-
tion was to develop an alliance between partners. This strategy aims at creating
an association of stakeholders (researchers, industrials, software providers, service
providers, etc.) working together to enable the development of products/services
based on the INNOQUA platform. Such an alliance would mainly develop spec-
ifications (e.g. technical or non-technical requirements), and possibly reference
implementations, test suites and certifications, to foster a valuable cross-industry
ecosystem. Members of the alliance can support the evolution of these specifications
through common agreement, as well as provide new reference implementations.
Manufacturers can adopt the developed specifications into their own products.
Marketing materials associated with the Alliance are provided in an Annex to this
chapter.

The main operational principles of the INNOQUA Alliance (IA) are as follows:

Position within the value chain: INNOQUA Alliance (IA) holds the integrated
system know-how as well as the technical and engineering capacity to man-
age wastewater treatment projects. IA is active in promoting the system in the
market.

Product strategy: Product as a Service (PaaS). PaaS offers advantages to both clients
and manufacturers/IA. For clients:

• PaaS transforms large capital expenses into smaller operating expenses,
allowing them to amortize the cost of the product throughout its life cycle.
Additionally, the client no longer assumes the risk of product failure or the
responsibility for maintenance, as both are typically included with the service.

• Further, PaaS can help a client optimise its own use of a product.
• Finally, PaaS helps ensure that the client won’t be stuck with obsolete

equipment since the service includes upgrades (especially from an informa-
tion/communication technology point of view).
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On the manufacturer’s/IA side:

• PaaS delivers a consistent revenue stream, which is a more sustainable business
model.

• It also allows them to see how the product is being used in the field, which
could offer insights into product reliability, design, and potential feature
enhancements.

• Manufacturers/IA can use data analytics to find ways to enhance the value
that customers receive, which ultimately provides additional revenue for both
the client and the manufacturer/IA.

Business Partners:

• Water treatment operators (distributor/agent/reseller) able to take the lead of
the commercial process.

• Product and various component suppliers.
• Maintenance providers.

Revenue strategy: Local operators rely on the IA for the engineering process
through consultancy services (system design, sizing, commissioning carried out
under IA supervision).

The ideal commercial scenario sees a Business Scouter that establishes a link with
a distributor to carry out a sale:

1. The distributor complies with IA conditions for the use of the INNOQUA
brand, marketing and protection of the INNOQUA system know-how (e.g.
NDA frameworks signed with local operators marketing INNOQUA sys-
tem).

2. Local distributor obtains the contract, directly deals with clients and lead the
value chain.

3. Local distributor supplies the full system and guarantees maintenance ser-
vices.

4. Local distributor relies on IA for system design and commissioning (consult-
ing activity) by paying a fee to IA.

Regardless as to whether a single INNOQUA module or combined system are
in scope, the business scouter informs the IA which will then react by identifying
the partners that will be required to handle the specific sale process and defining
the mechanism to share revenues. An ideal scenario of roles and revenue sharing
could be:

1. IP owner/s royalties.
2. Technical partners involved in the consulting activity provided to the distrib-

utor (system design) obtain a share from the revenues.
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Figure 9.7. Ideal sale scenario for INNOQUA Alliance.

Figure 9.8. INNOQUA DMT landing page (R2M, 2021).

3. A portion of the revenues will be destined to IA to feed the collective budget
aimed at covering marketing expenses.

Figure 9.7 sets out the ideal sale scenario.
Through the website, potential customers can directly contact the project coor-

dinator and consequently activate the INNOQUA Alliance process scheme.
In order to help potential customers to decide on the configuration of the

INNOQUA system relevant to their circumstances, a web-based decision-making
tool (DMT) has been activated for the Italian market (R2M, 2021). The landing
page is shown in Figure 9.8.

The tool aims to help potential Italian customers (designers, engineers, water
utilities and public entities) to obtain a preliminary feasibility study for the instal-
lation of the INNOQUA system. Users are requested to input some data (physical
information on the space available; use of the served building; number of people
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served; reuse water requirements etc) enabling the tool to return some important
information on the applicability of the INNOQUA solution to their specific needs,
which INNOQUA modules could be installed, and whether the installation will
sufficiently treat the wastewater to meet the limits of Italian discharge regulations.
Following initial testing in the Italian market, this tool may be adapted to serve
other geographies.

The INNOQUA Project web site (INNOQUA, 2018) and DMT will be the
main vehicles to handle third party interest in joining the INNOQUA Alliance and
ensure that the technologies attain full commercial status and achieve the market
potential identified in the PESTEL, SWOT and other tools that we have explored
in this chapter.
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Annex. INNOQUA Alliance Materials

INNOQUA PROJECT HAS RECIVED FUNDING FROM THE EUROPEAN UNION’S HORIZON 2020 
RESEARCH AND INNOVATION PROGRAMME UNDER GRANT AGREEMENT N. 689817

IA INNOQUA ALLIANCE
PARTNERSHIP AGREEMENT TO BOOST COMMERCIALISATION

INNOQUA BRAND 

INNOQUA SYSTEM
The INNOQUA Technologies comprising a fully adaptable modular
solution are indicated schematically in the figure below.

The INNOQUA Technologies

Lumbrifilter: patented system for wastewater treatment by
lumbrifiltration (the use of specific earthworms)
Daphniafilter: system for wastewater treatment by means of water 
fleas (daphnids)
UV Purification: system designed to disinfect water with UV-exposure
BioSolar Purification: system that combines the action of microalgae
and sunlight to purify wastewater.

INNOQUA TRADEMARK
INNOQUA is a registered TradeMark. The INNOQUA Alliance partners
could use it for commercial and promotional activities.

INNOQUA KNOW-HOW
INNOQUA System basis is funded on the corresponding 4 years EU
funded project (GA  689817). The EU project gives the opportunity to 
test and optimize the system along the time generating a consistent
know-how related to the system optimization, best practices that could
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IA INNOQUA ALLIANCE 
PARTNERSHIP AGREEMENT TO BOOST COMMERCIALISATION

INNOQUA PROJECT HAS RECIVED FUNDING FROM THE EUROPEAN UNION’S HORIZON 2020 
RESEARCH AND INNOVATION PROGRAMME UNDER GRANT AGREEMENT N. 689817 

OBJECTIVE 

INNOQUA Alliance aims to 
boost the INNOQUA system 
commercialization and 
provide consultancy services 
strictly linked to the 
INNOQUA brand (see the 
section INNOQUA Brand) 

COST 

Joining the INNOQUA Alliance 
is free of charge 

be exploited for commercial activities by the INNOQUA Alliance 
partners. 

WHY TO JOIN THE ALLIANCE?  

HAVE A WORLDWIDE EXISTING NETWORK TO EXPLOIT  
To exploit and build on the local markets in which the project 
consolidated its presence and to guarantee a preferential access to 
further commercial opportunities. 
INNOQUA consortium partners interested in the future 
commercialization of the INNOQUA system will take part into the 
Alliance by sharing their contacts/network.  

POSSIBILITY TO TAKE ADVANTAGE OF THE KNOW-HOW GENERATED BY AN
EU FUNDED PROJECT  
Partners who take part to the INNOQUA Alliance will have the 
possibility to approach better the market with their systems by taking 
advantage of the validation and results gathered from the field test 
activities carried out during the 4-year EU funded project (technical 
results, know-how, best practices, market studies and field test 
activities results).  
Possibility to continue relying on the research infrastructures, 
technical contribution and assistance from partners that have directly 
developed the technologies within the INNOQUA project for further 
optimization and testing actions. 

POSSIBILITY TO TAKE ADVANTAGE OF THE PARTNER SUPPORT FOR LOCAL
COMMERCIALIZATION ACTIVITIES  
Who joins the INNOQUA Alliance will have the chance to take 
advantage of partners and related stakeholders that are physically 
located in the markets where the pilot systems are installed benefiting 
from direct organizational, logistic and technical support with aim to 
consolidate O&M and training activities at local and grass-roots level 
and pave the way for commercialization. 

POSSIBILITY TO GO TO THE MARKET ON YOUR OWN  
Partners who take part to the INNOQUA Alliance will have, always, the 
possibility to market and commercialize the system on their own.  
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In this case, they can sell their components /System without using the 
INNOQUA registered trademark and, if needed, agreeing directly with
the IP owners on royalties and conditions for the use and sale of the 
protected technologies.  

WHAT WILL THE INNOQUA ALLIACE OFFER? 

INNOQUA SYSTEM DESIGN  
The selection of the best technological solutions to meet both users’ 
needs and local wastewater regulations for discharge and reuse. 

INNOQUA SYSTEM MAINTENACE AND OPERATIONAL FOLLOW-UP 
Know how transfer, capacity building and consulting for O&M. 

TARGETING WORLDWIDE MARKETS 
Boosting the market penetration of the INNOQUA system by exploiting
existing commercial networks in different countries in 4 continents. 

HOW IT WORKS? 

INNOQUA ALLIANCE PARTNER: 
Can use the Know-how and membership expertise generated during 
the EU funded project period to penetrate the market. Moreover, 
could take advantage of the INNOQUA brand and trademark. 

INNOQUA ALLIANCE BASE CONCEPT  
The ideal commercial scenario sees a Business Scouter (INNOQUA 
ALLIANCE partner) that establishes a link with a distributor to carry 
out a sale.  
The distributor complies with IA conditions for the use of the 
INNOQUA brand, marketing and protection of the INNOQUA system 
know-how (e.g. NDA frameworks signed with local operators 
marketing INNOQUA system). 
Local distributor obtains the contract, directly deals with clients and 
lead the value chain. 
Local distributor supplies the full system and guarantees maintenance 
services.  
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Local distributor relies on IA for system design and commissioning 
(consulting activity) by paying a fee to IA. 
Regardless if it is a single-module or combined system, the business 
scouter informs the IA that will react identifying the partners that will 
be required to handle the specific sale process and defining the 
mechanism to share revenues.  
An ideal scenario of roles and revenue sharing could be: 

IP owner/s royalties >
>

>

Technical partners involved in the consulting activity provided
to the distributor (system design) obtain a share from the 
revenues 
A portion of the revenues will be destined to IA to feed the 
collective budget aimed at covering marketing expenses. 

In the figure here below the ideal sale scenario is depicted. 

INNOQUA ALLIANCE BOARD   
The INNOQUA Alliance will be managed through an internal board
named IA_DMG (Innoqua Alliance - Decision Making Group). The IA-
DMG will consist of one representative for each participating Company
in the Alliance. The IA-DMG group will meet on a periodic (quarterly)
basis or as needed when one of the participants requests it. 
All DMG members will have full decision-making powers and decisions
will be taken by simple majority. One of the role of IA-DMG will be to
analyse case by case the commercial activities by defining: i) the
partners involved in the sale; ii) the work to be carried out; iii) the
percentage of fee to be shared among the partners participating in the
commercial sale, IP owners and IA. 

USER / FINAL CLIENT Local Distributor 
(Agent / Re-seller) 

IP Owner(s) (%€) 

IA Technical Partner(s) 
involved in the sale (%€) 

INNOQUA Alliance (%€) 

REVENUE SHARING 

• Component 
suppliers 

• Installers 
• Maintenance 

INNOQUA 
Alliance 
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