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Foreword

This thesis is based on an Industrial PhD project sponsored by Ecomotive AS,
and the Norwegian Research Council to develop a combined wastewater
treatment and resource recovery facility. This PhD thesis work is one of the
examples to demonstrate the importance of the University-Industry link for skill
development and exploit the synergies of scientific and technological
competences. A University-Industry link is a collaborative approach where both
the university (Norwegian University of Life Sciences, NMBU), the company
(Ecomotive AS) and the trainee (PhD candidate) are benefited. The university
gains financial support from the company and networks where students carry
out practical training and applied research. The company is benefited through
developing its human resources equipped with applied scientific research and
training. The company also enhances competitiveness by advancing its
innovative technological developments. The trainee (industrial PhD candidate)
gains basic and applied scientific know-how through education, innovative
research and technology development from the university and professional
expertise from the company and learn how to succeed and contribute for the

advancement of the company in the business environment.

Moreover, the knowledge, relationships and experiences that the PhD candidates
earn can help them boost their employability. As such this Industrial PhD
research aimed to contribute to the scientific and industrial responses to avert the
current and future challenges of sanitation, water, energy, and food insecurity by
developing a more resource-oriented and sustainable way of managing
municipal wastewater. Through collaborative scientific research work, a
prototype combined treatment and resource recovery facility is developed. The
results of this research and produced scientific documentation revealed a way
towards the next generation of source-separating wastewater treatment systems.
It will, therefore, strengthen the company’s fulfilment of its objectives and help it
to meet its future target for the development of a green economy based on
decentralized, sustainable sanitary solutions. This prototype has also been used
as a means of demonstration and teaching aid for students. Thus, the
collaboration between academia and industry enhances knowledge sharing,
financial support, and communication and contributes to the development of a

win-win-win situation, so that results are maximized.

Melesse Eshetu
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Summary

The world's water specialists agree to work on increased resource recovery from
wastewater and reduced emissions to the environment. Source-separated
wastewater treatment systems, which provide opportunities for local recycling
and utilization of resources, are appropriate alternatives to conventional
treatment of mixed wastewater in centralized treatment systems. This work
includes the development of technical solutions for the treatment of source-
separated blackwater, as well as studies of processes related to the treatment of
black and grey wastewater from student housing inhabiting 48 students at the
Norwegian University of Life Sciences (NMBU), As, Norway. Furthermore, the
possibility of local resource utilization through biogas production and in the
production of microalgae biomass based on nutrients recovered from wastewater
is assessed. The main objectives of this work have been to i) develop a technical
solution for a combined treatment and resource recovery in a closed cycle that
creates opportunities for the circular economy, and ii) assess the efficiency of the
various unit processes in terms of resource recovery and residual emissions.

In the first section, a compacted greywater treatment system with different post-
treatment solutions was investigated (Papers I and II). Separation of blackwater
alone resulted a reduction in organic matter (OM), total suspended solids (TSS),
nitrogen (N) and phosphorus (P) of 64%, 75%, 85 and 88%, respectively.
Treatment of the greywater by sludge separation and biological treatment in a
porous medium with attached biofilm, and post-treatment by fine sand filtration
(Paper I) resulted in low emission concentrations: <2 mg O:2L* (BOD); <2 mg TSS
L1, <0.1 mg P L' and <5 Escherichia coli (E.coli) 100 mL". In a separate experiment,
the post-treatment of the biofilter effluent with biochar and fine Filtralite (Paper
II) also gave very low emission concentrations. The results showed that biological
treatment plant in combination with post-treatment are appropriate solutions
where the emission requirements are strict, especially in areas close to drinking
water sources and where treated water can be used for watering salads and
general irrigation of outdoor areas without restrictions. Separation of the
blackwater greatly contributes to this.

The second section of this study focused on the development and evaluation of a
combined treatment and resource recovery facility for source-separated
blackwater. A hybrid reactor, which integrates an up-flow sludge blanket and the
anaerobic baffled reactor was developed. The performance of this reactor was
tested, as an integrated treatment system for source-separated blackwater. The
effects of load and feed pulses on system performance were evaluated in terms
of stability, effluent quality, the removal efficiency of organic and suspended
particulate matter, biogas production and methane yield (Paper III). The results
showed that the total COD removal efficiency stabilized above 78 % within less
than 120 days. The configuration of the reactor provided sufficient sludge
expansion volume, solid-liquid separation, and biogas production rate ranged
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from 0.52 to 1.16 L d' (L reactor volume)!. At steady state, the methane
concentration ranged from 67 - 82 % with an average conversion rate of 0.69+0.2
and 0.73+0.2 g CHs-COD g'CODin for reactor I and reactor II, respectively.

Paper 1V demonstrates a combined blackwater treatment and nutrient-recovery
strategy for the recovery of a more dependable source of plant nutrients. The
anaerobically treated blackwater effluent, rich in NHs-N and POs-P, was treated
in a sequence of upflow and downflow filtration columns using granular
activated carbon, Cocos char and Polonite. The flow rate was set at 600 L m?day"
L. Filtration of the anaerobically treated effluent through activated carbon
removed over 80% of the residual organic matter, more than 90% of suspended
solids and turbidity while releasing more than 76% NH:-N and 85% of PO.-P in
the liquid phase. The treatment train also removed total coliform bacteria (TCB)
and E. coli, achieving concentrations below the detection limit after the
integration of 11 W ultraviolet (UV) light. This integrated technological approach
ensured simultaneous nutrient recovery as a nutrient solution, inactivation of
indicator organisms, and reduction of organics. The treated and hygienized
nutrient-rich water can be applied for various end-use options.

One of the challenges for the treated nutrient-rich water, if not used close to the
area of treatment, is storage and transportation. In order to address this challenge
and diversify the value-added byproducts and end-use options, a nutrient
recovery study was carried out using microalgae (Paper V). A preliminary study
revealed that the growth of Chlorella sorokiniana with 10% of the treated
blackwater as a substrate in a continuous culture resulted in complete uptake of
NHas-N and POs-P. The N and P removal rate at steady state reached up to 99.2
mg NHi-N L' d?! and 8 mg POs-P L d*, respectively, with a corresponding
average biomass yield on the energy of 0.29 g (mole photons)™. The 10% treated
blackwater substrate, however, had a low concentration of Mg and trace elements
essential for microalgae growth. Low concentration of Mg was observed as the
limiting factor for using diluted treated blackwater solely as a substrate.
Therefore, the supplementation with Mg and trace elements was required.
Moreover, the nitrogen in the treated effluent is mainly available as NHs-N. A
higher concentration of NHs-N and its oxidation during substrate storage could
increase the NO2-N concentration, which inhibited the growth of C. sorokiniana at
a concentration of above 50 mg L.

In conclusion, results from this thesis demonstrated the value of domestic
wastewater as a source of alternative nutrient-energy-water resources. The
development of an integrated treatment and resource recovery facility for a
source-separated sanitation system could provide a healthy local environment,
social and economic payback for households and communities, and contribute to
green development and food security.
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Sammendrag

Verdens vannspesialister er enige om & arbeide med okt ressursutvinning fra
avlepsvann og  reduserte  utslippene til miljget. Kildeseparerte
avlgpsbehandlingssystemer, som gir muligheter for lokal resirkulering og
ressursbruk, er et aktuell alternativ til konvensjonell behandling av blandet
avlgpsvann i sentraliserte behandlingssystemer. Malet med denne
undersgkelsen var & undersegke og utvikle en ny og beaerekraftig tilneerming der
ressursene i avlgpsvann behandles, gjenvinnes og gjenbrukes i omrader neer
opprinnelseskilden. Dette arbeidet omfatter utvikling av tekniske lgsninger for
behandling av kildeseparert svartvann, samt studier av prosesser knyttet til
behandling av svart og gratt avlepsvann fra studentboliger med 48 studenter ved
Norges Miljo- og Biovitenskaplige Universitet, (NMBU) As, Norge. Videre
vurderes muligheten for lokal ressursutnyttelse gjennom biogassproduksjon og i
produksjon av mikroalgenbiomasse basert pa neeringsstoffer som gjenvinnes fra
avlepsvann. Hovedmalene med dette arbeidet har veert a: i) utvikle en teknisk
losning for kombinert behandling og ressursutvinning i en lukket syklus som
skaper muligheter for den sirkuleere skonomien; og ii) vurdere effektiviteten av
de ulike enhetsprosessene med hensyn til ressursutvinning og gjenveerende

utslipp.

I den forste del ble et kompakt renseanelegg for rensing av gravann med ulike
etterpoleringslosninger, ble undersekt (Artikkel 1 og 2). Utsortering av
svartvann representerte alene en reduksjon i organisk materiale (OM), totalt
suspendert stoff (TSS), nitrogen (N) og fosfor (P) pa henholdsvis 64%, 75%, 85 og
88%. Behandling av gravannet ved slamavskilling og biologisk behandling ved
umettet filtrering i porest medium med fastsittende biofilm, samt etterpolering
ved filtrering i finsand (Artikkel 1), resulterte i lave utslippskonsentrasjoner:
<2mg O:L! (BOD); <2mgSS L; <0,1mgP L+ og <5 Escherichia coli (E.coli)100mL-.
Den andre alternative etterpoleringslesninger ble studert ved filtrering i
kolonner fylt med biokull og Filtralite (Artikkel 2). Disse metodene ga ogsa sveert
lave utslippskonsentrasjoner. Dette viser at biologiske gravannsrenseanlegg i
kombinasjon med etterpolering er en aktuell losning der utslippskravene er
strenge, blant annet i nedborfeltet til drikkevannskilder og at renset vann kan
brukes til vanning av salat og til generell vanning av utearealer, uten
restriksjoner. Separering av svartvannet bidrar i stor grad til & oppna dette.

Den andre delen av denne avhandlingen er fokusert pa evaluering av et
kombinert behandlings- og ressursutvinningsanlegg for kildeseparert svartvann.
En hybridreaktor, bestaende av et oppstrems slamteppe og en anaerob baffel
reaktor for behandling av kildeseparert svartvann ble evaluert. Effektene i
reaktoren ble undersokt med forskjellig tilforsel (feed pulses) i termer av
effektstabilitet, utlopskvaliteter, fjerning av organisk- og partikuleert materiale,
biogass produksjon og metan utbytte, variasjoner i svartvannet tatt i betrakting
(artikkel III). Resultatene viste at total COD-fjerning stabiliserte seg over 78%
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innen mindre enn 120 dager. Reaktorens konfigurasjon viste seg a gi tilstrekkelig
slamlager, veeske/faststoff- separasjon og biogass produksjonen som varierte fra
052 til 1,16 L d!' (L reaktorvolum)!. Ved steady-state varierte
metankonsentrasjonen fra 67 - 82% med en gjennomsnittlig konverteringsrate pa
0,69+0,20g0,73 £0,2 g CHs-COD g CODin for reaktor I og reaktor II.

Artikkel IV Viser en kombinert strategi for behandling og gjenvinning av
neeringsstoffer i svartvann som en kilde til plantetilgjengelige neeringsstoffer.
Anaerobt behandlet svartvann, rikt pa NHs-N og PO.-P, ble behandlet i kolonner
i en sekvensiell oppstremnings- og nedstrem filtrering gjennom granulert aktiv
kull, Cocos kull og Polonite. Hydraulisk overflatebelasting ble satt til 600 L m- d-
L. Filtrering gjennom aktivt kull fjernet over 80% av det gjenvaerende organisk
materialet, mer enn 90% suspendert faststoff og turbiditet, og frigjorde over 76%
NHas-N og 85% POs-P i veeskefasen. Behandlingen fjernet ogsa TCB og E. coli, og
oppnadde konsentrasjoner under deteksjonsgrensen etter at en 11 W ultrafiolett
lampe (UVC) ble tilfort som en integrert del av filtersystemet. Samlet forer denne
tilneermingen til neeringsstoffgjenvinning som en neeringslosning, inaktivering
av patogener og reduksjon av organiske stoffer. Det behandlede, hygieniserte -
og neeringsrike vannet kan brukes til ulike formal.

En utfordring for det behandlede neeringsrike vannet, er lagring og transport. For
a lose denne utfordringen og utvide mulighetene for gjenbruk av neeringsstoffene
ble det utfert en studie ved hjelp av mikroalger (artikkel V). En forelepig studie
viste at veksten av Chlorella sorokiniana med 10% av behandlet svartvann som
substrat i en kontinuerlig kultur resulterte i fullstendig opptak av NHs-N og POs-
P. Oppnadd N og P-fjerningen ved steady state var 99.2 mg NHs-N L' d! og 8
mg POs+-P L' d' med et tilsvarende gjennomsnittlig biomasseutbytte pa 0.29 g
(mol fotoner)!. Behandlet svartvann hadde imidlertid en lav konsentrasjon av
Mg og sporstoffer som er viktig for mikroalgeveksten. Dette ble observert som en
begrensningsfaktor ved a bruke det behandlede svartvannet som eneste
vekstsubstratet. Derfor var det nedvendig a supplere substratet med Mg og
sporstoffer. Dessuten er nitrogenet i det behandlede svartvannet hovedsakelig i
form av NHs+-N. En hey konsentrasjon av NHi-N og dets oksidasjon ved lagring
vil kunne gke andelen av NO2-N, som ble observert a hemme veksten av Chlorella
sorokiniana nar konsentrasjonen kom over 50 mg L.

Som konklusjon viste resultatene fra denne avhandlingen verdiene i avlgpsvann
som en kilde til alternative NEV ressurser (neringsstoff, energi og vann).
Utviklingen av et integrert behandlings- og ressursutvinningsanlegg basert pa
kildeseparert avlgpsvann vil kunne bidra til et sunt lokalt miljo, sosial og
okonomisk tilbakebetaling for husholdninger og lokalsamfunn, og bidra til &
oppna en greonn utvikling og matsikkerhet.
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Dedication

This thesis is dedicated to those who are suffering from chronic pain 24/7. Living

with pain is a big challenge. But, if you Use your talents, resources, dreams, and

visions as your daily positive energies, you will Learn how to live with chronic
pain. You may not be free from the pain, but you will succeed and achieve your
dream one day.

“No matter what happens, no
matter how far you seem to
be away from where you want
to be, never stop believing
that you will somehow make
it. Have an unrelenting
belief that things will work
out, that the long road has
a purpose, that the things
that you desire may not
happen today, but they will
happen. Continue to persist
and persevere." - Brad Gast

Livin3.com
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1. Background and Research Motivation

Major challenges facing the modern society in the twenty-first century are related
to water quantity and/or water quality issues, mainly caused by population
growth, industrialization, intensive food production practices, increased living
standards, climate change and poor water use strategies. In 1950 the total world
population was 2.6 billion, with 750 million living in urban centres and 1.8 billion
in rural areas (Schnitzler 2013). The global urban population has skyrocketed
from 29 % (750 million) of the total population in 1950 to 55 % (4.2 billion) today
(United Nations 2018). By 2050 the world population is projected to be 9.2 billion
inhabitants with 6.3 billion, i.e. 68 % of the total population, living in cities and
only 2.9 billion remaining in the countryside (United Nations 2018) (Fig. 1). This
trend in urban population means the global demand for food and feed, water and

energy would continue to grow.

Feeding a world population of 9.2 billion people in 2050 would require raising
overall food production. The agricultural and energy productions are, therefore,
expected to increase by roughly 60% and 80%, respectively in 2025 (Alexandratos
and Bruinsma 2012, OECD 2012). Although agriculture remains as the largest
overall water user, it is becoming obvious that water demand for industrial use
and energy generation is increasing considerably and much faster (UN-Water
2018). The expansion of municipal water supply and sanitation systems also
contribute to the rising demand. Spatial and temporal variations of water cycle
dynamics could also arise from climate change, which aggravates the

inconsistencies between water supply and demand (WWAP 2017).
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Figure 1. Urban and total population (Source: World Urbanization Prospects: The 2014
Revision (UNPD 2014).

The Environmental Outlook baseline scenario projected future global water
demand to increase by 55% from about 3 500 km? in 2000 to nearly 5 500 km? in
2050 (OECD 2012). Figure 2 presents the water demand in 2000 and the projected
water demand in 2050 for domestic, manufacturing, thermal energy generation,
and irrigation. The major increase in water demand accounts mainly for
manufacturing (+400%) followed by for energy generation (+140%), and for
domestic water use (+120%). Water demand for irrigation purpose is projected to

be less (OECD 2012).
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Figure 2. Global water demand for domestic use, manufacturing and electricity

generation and irrigation: Baseline, 2000 and 2050 (Adopted from OECD (OECD 2012)).

At the same time, wastewater generation from the different sectors is going to
grow proportionally. Out of the estimated current global freshwater withdrawals
of 3,928 km? per year, 56% (2,212 km? per year) is released into the environment
as wastewater in the form of municipal and industrial effluent and agricultural
drainage water (WWAP 2017). With the current trend and projection of urban
population growth, wastewater management and disposal in cities will continue
to be a major social, environmental and economic challenge. Wastewater
management of the growing urban and periurban population requires the
development of new and long wastewater discharge networks and wastewater
treatment facilities. Development of such new sewer systems is, however,
difficult to realize in most parts of the world especially in those regions where

the major urban population growth occurs.
1.1. Challenges with the present wastewater management approach

Most modern cities established centralized sewer systems with a network of
collection pipes for transporting domestic wastewater to a municipal wastewater
treatment plant, which greatly improved public health and environmental
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quality (Wilderer and Schreff 2000, Larsen et al. 2016). However, these systems
require enormous volumes of freshwater to transport the small volume of human
excreta from the toilet to the wastewater treatment plant (Langergraber and
Muellegger 2005, Larsen et al. 2016, McConville et al. 2017), it also strongly
depends on high investment costs, and stable institutions, as well as long

planning horizons and extensive use of resources (Larsen et al. 2016).

Today, wastewater management faces emerging concerns like energy efficiency,
resource recovery, greenhouse gases emission, and stringent effluent standard
requirements. At the wastewater treatment plant, a lot of energy, mainly for
aeration, is needed to remove organic compounds and nutrients. However, these
organic compounds in wastewater represent a potential energy source and the
nutrients as valuable fertilizers (Guest et al. 2009, Verstraete et al. 2009).
Moreover, the nutrients from the toilet are highly diluted by wastewater from
other sources such as stormwater and by groundwater intrusion. Hence, high
levels of energy and large amounts of chemicals are needed for processing to
recover these resources. Furthermore, with long-distance transportation,
significant amounts of nutrients are also lost before reaching the treatment plant

through leakages and overflow resulting in environmental pollution.

Concerns are also growing in water-scarce areas that continued dependence
solely on centralized sewer systems may not be optimal for sustainable water
resource management (Gikas and Tchobanoglous 2009). Unless different
scenarios for wastewater management is devised this current linear model of
resource flow that follows a ‘take-use-dispose” pattern (Korhonen et al. 2018) and
end-of-pipe treatment may not be ideal for serving the 6.3 billion urban
inhabitants in 2050, living in an increasingly resource and energy constrained
world. The increased discharges of inadequately treated or untreated wastewater
(which is the case in most parts of the world) contribute to contamination of
surface waters, groundwater, and water in coastal areas (WWAP 2017). The

contamination of freshwater and coastal ecosystems, threaten food security,
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access to safe drinking and bathing water, and providing major health and
environmental management challenges (Corcoran 2010). In conventional
wastewater collection and transportation systems, micro-pollutants are highly
diluted and present in the ng/L range (Schwarzenbach et al. 2006). Thus, the
current wastewater treatment systems cannot remove these small fractions of
micropollutants and have become the main concern in the aquatic environment
(Joss et al. 2006, Schwarzenbach et al. 2006). Although the risks that these
micropollutants may pose are not well assessed and understood (Schwarzenbach
et al. 2006, Schirmer and Schirmer 2008), few studies have reported feminization
of fishes at ng/L levels (Gibson et al. 2005), impacts on developmental processes

and reproduction (Arnnok et al. 2017).

Recent studies have also shown an increasing trend of consumption of
pharmaceuticals. From 2000 to 2015 the global antibiotic consumption, increased
by 65%, from 21.1 to 34.8 billion defined daily doses (DDDs) with the major
increase coming from the low and middle-income countries (Klein et al. 2018).
This has a direct relation to the growing concern of antimicrobial-resistant
microorganisms. Although antimicrobial resistance develops naturally over time,
usually through genetic changes, the misuse and overuse of antimicrobials are
accelerating this process. In many places, antibiotics are overused and misused
in people and animals mainly as growth promoters in animals or used to prevent
diseases in healthy animals. Wastewater effluents are, therefore, the main point

sources of emission of these pollutants in recipient water bodies.

These aspects of global change and challenges justify the need for swift planning
and execution of strategic, reasonable and effective management and
countermeasures against deteriorating water security (Burek et al. 2016). To offset
the rising challenges to water, food and energy security from the increasing
population growth, wastewater pollution and climate change, in one hand and
protecting the ecosystem, on the other hand, it is vital to work on closing the

resource loops in cities with innovative solutions or advanced technologies. Thus,
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as the world continues to urbanize, successful management of urban growth in
all the social, economic, and environment is crucial for sustainable development.
This management should take into account the wastewater issue in the water-
food-energy nexus and utilize new opportunities for transforming the resources
in wastewater (mainly water, nutrients, organic matter and energy) into valuable

assets.
1.2. New perspectives for domestic wastewater

In today’s practice, cities and households are considered as net consumers of
mainly water, nutrients, and energy. Increased demand for water, energy and
food by the growing population coupled with the necessity for a simultaneous
reduction of the environmental impact of wastewater has increased the need for
innovative solutions such that communities and households can be considered
as production units of nutrients, energy and water. From a global perspective,
nearly 20% of the manufactured nitrogen and phosphorous end up in the
domestic wastewater (Batstone et al. 2015, Matassa et al. 2015). Moreover,
micropollutants such as pharmaceutical residues, hormones, personal care
products and household cleaning chemicals, which are considered as emerging

water quality concerns also, end up in the same wastewater stream.

About 80 % of the nutrients, up to 70 % of the organic matter, and most of the
pathogens in domestic wastewater, however, comes from a small fraction (~1%)
of the wastewater stream, which is human urine and faeces, hereafter called
blackwater (Langergraber and Muellegger 2005, Kujawa-Roeleveld and Zeeman
2006, Vinneras et al. 2006, Todt et al. 2015). Besides, about 70% of the
pharmaceuticals including antibiotics and their metabolites and almost all
hormones and endocrine disrupting compounds are excreted through urine and
the rest in faeces (Kapusta 2007). Therefore, the concentrations of these
micropollutants in blackwater may range from pg/L to mg/L (De Mes et al. 2007,
Butkovskyi et al. 2015). Most personal care products and household cleaning
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agents, on the other hand, constitute the greywater fraction (Herndndez Leal et
al. 2010, Butkovskyi et al. 2016). Recent studies halve also shown the presence of
some pharmaceutical residues in greywater (Butkovskyi et al. 2015). Thus, the
blackwater fraction of domestic wastewater is the major sources of organic
matter, nutrients, pathogens, and micropollutants (Kujawa-Roeleveld and
Zeeman 2006, de Wilt et al. 2016). Separating and concentrating this domestic
wastewater stream in a small volume is one of the management approach in the
new perspective of domestic wastewater treatment. This allows separate

recovery of useful resources and effective removal of harmful pollutants.

The concept of seeing wastewater as a resource (Otterpohl et al. 2002, Larsen et
al. 2009, Otterpohl and Buzie 2011, Zeeman and Kujawa-Roeleveld 2011, Leal
Lucia et al. 2017) and introducing a closed-loop system in wastewater
management (Winkler 2011, Vasconcelos Fernandes et al. 2015, Davis et al. 2016)
will help in protecting water bodies from eutrophication and pollution, ensuring
long-term food security and shifting to a circular economy. This represents
compelling objectives for water-, energy- and nutrient-management strategies
(Zoboli et al. 2016). In this regard, domestic wastewater could be a key platform
towards closing the urban resource loop and contributing to green development
by improving both economic and environmental goals simultaneously (Winkler

2011).

With the notion of circular resource flow and proper management, domestic
wastewater could be a potentially affordable and sustainable source of water,
energy, nutrients, organic matter and other useful by-products. There exist,
therefore, opportunities from domestic wastewater that could be exploited for
green development, social well-being and ecological health (Corcoran 2010).
Effective management of wastewater as an alternative source of water for
different end-use options is essential for future water security. Moreover,
recycling nutrients or extracting energy from wastewater can also bring in new

opportunities for income generation and expand the resource base available to
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poor households (Winblad and Simpson-Hebert 2004) at the same time reducing

the negative impact on the urban ecosystem.
1.3. Composition of domestic wastewater

Wastewater generated from households consists of various fractions each with
specific characteristics with respect to volume and patterns of flow, composition
and concentration of flow. Wastewater contains approximately 99.9% water, and
the rest 0.1% is organics and inorganics in suspended and dissolved solids form
(Von Sperling 2007). This 0.1% is responsible for water pollution and the main
reason for the need for treatments. Understanding the composition and volume

of the different streams is important for the design of the treatment system.

The wastewater streams can be grouped into blackwater (originating from the
toilet and contain flushing water, faeces, toilet paper and urine), and grey water
(originating from kitchen, showers and/or bath, laundry, etc.). These wastewater
fractions seem to vary considerably between different locations both in terms of
volume and compositions. Table 1 presents the differences in household water

use and total wastewater production per capita per day in different countries.

Greywater represents up to 70% of the total water consumed in a household
(Otterpohl et al. 2003, Kujawa-Roeleveld and Zeeman 2006) while most of the rest
is used up for toilet flushing and released as blackwater. Treatment and reuse of
greywater close to the source will have a significant role in reducing the overall
water consumption (Friedler 2004). The quantitative and qualitative
characteristics of household greywater seem to vary significantly depending on
residents’ habits, the quality and quantity of water supply, the activities in the
household, the number and the age distribution of household members,
lifestyles, and water use pattern and the climate of the area (Eriksson 2002,

Hernandez et al. 2007, Eriksson et al. 2009, Donner et al. 2010).
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Table 1. Wastewater generated from different household uses (L/p/d)

Use Norway @ Denmark® Germany< The Netherlandsd Greece ®
Hand basin 53 8.6
Bath/shower 43 48.3 51.1 33.9
Kitchen/food 25 5.4 9.3 12.2
preparation

Laundry 17 16.1 15.4 21.3
Dish washer, 15.7 16.1 7 6.6

cleaning, other

Total 123.9 85 84.9 86 82.6
greywater

Toilet flushing 4.8% 27 36.8 34.6 59.4
Total 128.7 119 121.7 119.2 142

*Kaja student dormitories (vacuum toilet) 2(Todt et al. 2015); * (Revitt et al., 2011); < (BMU/UBA 2018); ¢ (van
]
Thiel 2017); ¢ (Antonopoulou et al. 2013).

Although conceived to be less contaminated, greywater constitute up to 55% of
the daily organic load of the municipal sewage, contain significant concentrations
of detergents and salts (i.e. boron, sodium and chlorides) (Rose et al. 1991),
personal care products (PCP) (Eriksson et al. 2003, Hernandez Leal et al. 2010,
Butkovskyi et al. 2014), some pharmaceutical residues (Butkovskyi et al. 2015)
and faecal coliforms of about 10*-10% CFU/100 ml (Eriksson 2002, Ottoson and
Stenstrom 2003). Greywater may pose health risks and exhibit negative
environmental and aesthetic effects. Thus, the design and development of a
greywater treatment facility should take all the above factors into considerations

to reduce the negative impacts on human health and the environment.

Similarly, blackwater which constitute from about 4% (with vacuum toilets) to

40% (conventional toilets) of the total volume of household wastewater, contain
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up to 70% of the organic material in domestic wastewater and 80 to 92% the
nutrients mainly nitrogen, phosphorus and potassium and pathogens (Zeeman
2012, Todt et al. 2015) and micropollutants (de Graaff et al. 2011b, Butkovskyi et
al. 2015).

1.3.1. Source-separation — as a basis for resource recovery and pollution control

Recent concerns over environmental sustainability and the need for resource
recovery have encouraged the promising development of the concepts of
Ecological sanitation (Jenssen et al. 2003, Otterpohl 2003, Langergraber and
Muellegger 2005) and Resource-oriented or New sanitation (Zeeman and
Kujawa-Roeleveld 2011, Tervahauta et al. 2013). This approach sees domestic
wastewater no more as a waste to be treated and disposed but recognized its
value as a resource, providing opportunities for recovery of water, energy,
nutrients, and valuable materials (Verstraete et al. 2009, McCarty et al. 2011, Bae
et al. 2014, Stazi and Tomei 2018) with potentials contributing to the circular
economy. This recognition brought a nutrient-energy-water paradigm by shifting
from wastewater treatment with the end-of-pipe concept to a combined
treatment and resource recovery system (Guest et al. 2009). The basis for this
concept is source-separation of the different domestic wastewater streams

(Tervahauta et al. 2013).

The larger volume called greywater is less contaminated and can be treated more
efficiently for further non-potable use or safe discharge. If the greywater fraction
is collected and treated on-site and used for non-potable local use, a significant
reduction in water consumption and wastewater generation can be achieved.
Based on the Danish water use statistics, up to 43 per cent of potable water could
be saved by recycling greywater (Revitt 2011). It is also indicated that reusing
treated greywater for conventional toilet flushing and laundry can reduce the
drinking water consumption by 42 % (Hernandez 2010). Reusing the treated

water also has implications in terms of energy savings. The operational cost of a
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water supply system in terms of energy include the cost of energy used for
pumping from the sources and pumping stations and the cost of water treatment
for use. The energy used to supply one cubic meter of water can vary from 0.25
to 4.5 kWh/m® depending on the source of water supply, ie. surface and

groundwater, respectively (Puleo et al. 2015).

Similarly, the energy requirement for sewage water transport and treatment lies
between 0.42 and 0.93 kWh/m? (Frijns et al. 2008). If we assume that about 0.5
kWh/m? energy is used to supply fresh water to a household and the household
water consumption is reduced by up to 25%, by introducing a vacuum or very
low flush toilet, a substantial amount of energy can be saved. For operating a
vacuum sewer system approximately 10 kWh, electrical energy is needed per
capita per year (Todt and Jenssen 2015). Similarly, an additional amount of
energy can be saved on the wastewater side. If the greywater is treated locally
and replace up to 40% of the freshwater demand, up to 26 kWh of energy per

capita per year can be saved.

Moreover, source-separation avoids unnecessary and uneconomical waste
dilution. The key principle of source-separation is that energy and nutrients
(mostly contained in blackwater) can be recovered more efficiently from
concentrated streams (Capodaglio 2017). Although the blackwater fraction of
domestic wastewater is the major sources of pathogens, and micropollutants
(Kujawa-Roeleveld and Zeeman 2006, de Wilt et al. 2016), the minimal amount of
water use through vacuum or low flush toilet yields a more concentrated stream
from which it is more cost-effective to remove the harmful micropollutants (de
Wilt et al. 2016). Thus, using the source-separation approach, the blackwater
stream of domestic wastewater can be collected separately using low flush toilets
(e.g. vacuum toilet) and processed with specific treatment systems for energy and
nutrient recovery. In the current practices of wastewater treatment, the energy
potential of the wastewater is only partially recovered. The activated sludge

treatment process consumes substantial amounts of energy for aeration. During
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the oxidation process, the chemical energy present in COD is also lost as
metabolic heat (Frijns et al. 2013). With the source-separation concept and the use
of vacuum or low flush toilets, a substantial amount of energy and water can be
saved. The system allows concentrating the wastewater organics in a small
volume (i.e. blackwater) which increase both the energy use and recovery

efficiency.

Anaerobic treatment of the concentrated blackwater stream can yield net energy
and be a source of nutrients (Zeeman et al. 2008). For instance, taking the organic
matter (CODt) content of 29520, 4710 and 2580 mg/L for 1, 6 and 9 L flush volume,
respectively (Gao et al. 2019), the theoretical potential energy from COD
corresponds to energy densities of 103, 16, and 9 kWh/m?, respectively. If we
consider an overall conversion to electricity efficiency of 25% (i.e. assuming 70%
methane conversion rate and 35% CHP electricity conversion efficiency, and a
conversion factor of 0.35 m* CHs/kg COD, 35.9 MJ/m® CH4 and 0.278 KWh/M]J),
the energy value of source-separated blackwater will be 25.6, 4.0 and 2.2 kWh/m?
for the 1, 6, and 9 L flushed blackwater, respectively. This value is several times
higher than the energy requirement at municipal wastewater treatment plant
(MWWTP), which is in the range of 0.3-0.5 kWh/m?® (Mizuta and Shimada 2010).
Anaerobic wastewater treatment, therefore, allows energy production, resource

recovery and upstream energy savings.

The potential energy embraced in domestic wastewater is even more significant
if a holistic approach to water, nutrient and energy recovery and reuse is
considered. This is due to the fact that, domestic wastewater contains three
energy-related characteristics: the energy resource contained in wastewater
organics, the external fossil-fuel energy requirements for the production of
equivalent amounts of the fertilizing elements N and P in wastewater and the
energy that might be gained from wastewater’s heat content (Rittmann and
McCarty 2001). Moreover, the quantity of digested sludge resulting from

anaerobic digestion is much less in volume and is more stabilized. Hence, the
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stabilized sludge requires less management for further use than with traditional
activated sludge treatment systems. This, in turn, has a highly significant cost as
well as energy benefits (McCarty et al. 2011). Recovery and use of nutrients from
anaerobically treated blackwater could, therefore, contribute to the reduction of
fossil fuel consumption in manufacturing fertilizers (Rittmann and McCarty
2001). Furthermore, the energy consumption for removal of N in the wastewater
treatment plant can be reduced when the N load to the treatment plant is

reduced. Therefore, overall indirect energy gain is high.

Source-separation, as a result, opens up an excellent opportunity to adopt a
circular metabolism (Wielemaker et al. 2018) both in cities and rural areas, to
recover, reuse and recycle resources contained in domestic wastewater. Taking
those aspects into consideration source-separation of the wastewater streams and
their respective targeted wastewater treatment will boost the circular resource
flow. Hence, implementing appropriate techniques for efficient use and recovery
of water, energy and nutrient locally, and their use in urban food production will
enhance the water-food-energy security. Moreover, this approach can also help
for source control of pathogens and emerging contaminants before they are

diffused into the ecosystem.

The focus of this research is to develop a combined treatment and resource
recovery system based on the concept of source-separation and resource
recovery. The New Sanitation concept developed in The Netherlands has shown
the importance of technological developments in treating domestic wastewater
and recovery of resources (Zeeman and Kujawa-Roeleveld 2011, Zeeman 2012,
Tervahauta et al. 2013). The development of separate treatment technologies
aiming at separate flows fit for reuse or recycling will maximize the benefits of
domestic wastewater while minimizing negative impacts on the environment
and health risks. This further increases public acceptance and strengthen the new
perspectives of domestic wastewater management in the realm of water - nutrient

- energy nexus.
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1.4. Treatment and reuse approaches for source-separated wastewater
1.4.1. Source-separated greywater treatment

Various greywater treatment technologies have been applied and examined in
the last decades to obtain affordable treatment systems that meet the local
discharge and/or recycling requirements. Treatment systems including
constructed wetlands (Jenssen et al. 2003, Jenssen and Vrale 2003, Jefferson 2004,
Gross et al. 2007, Jenssen 2010), and compacted treatment systems such as
membrane bioreactors (MBR) (Friedler et al. 2006, Lesjean and Gnirss 2006) have
been practised with promising achievements. Anaerobic treatment of greywater
was also studied (Elmitwalli and Otterpohl 2007, Ghunmi et al. 2008, Abu-
Ghunmi 2009). Although the performance in the removal of COD is relatively
poor (Abu-Ghunmi 2009), the anaerobic step was suggested as a pretreatment
(Elmitwalli and Otterpohl 2007) to be followed by aerobic treatment. By
combining the advantages of aerobic and anaerobic processes, a study was made
on a combined anaerobic and aerobic system (Abu-Ghunmi 2009, Hernandez
2010). The system consisting of a sequence of an upflow anaerobic sludge bed
reactor (UASB) and a sequencing batch reactor (SBR) operating at short hydraulic
retention time showed a COD removal efficiency of 89%, which was comparable
to the aerobic treatment with a 90% removal efficiency but with lower energy

requirement (Hernandez Leal et al. 2010).

Though several of these technologies are promising, most of them suffer from
limitations in relation to either operation, maintenance, area and cost (Schwemer
and Wolfgang 2016). Most of the poor performances of household on-site systems
are also related to the skill of the users in the operation and management of the
systems. In most cases of household on-site treatment systems, the owners of the
houses are in charge of these facilities and most do not have any in-depth
knowledge of the processes for the successful operation of the treatment system

(Wilderer and Schreff 2000). The owners should get the appropriate training to
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accomplish the operation, and people with adequate training must also be
assigned for supervision and control of the treatment facility to sustain the
performance of the systems. The management structure is, thus, a key factor for

the performance of small-scale treatment systems.

Moreover, small wastewater treatment systems for the decentralized application
must provide advanced wastewater treatment such that water recovery and
reuse are focused. The systems must, however, be highly effective, robust, easy
to operate, and affordable. A treatment system is considered efficient if it
produces the required effluent quality, simple in operation with minimum
maintenance, and affordable due to its low energy consumption and low
operational and maintenance costs (Wendland et al. 2006, Abu-Ghunmi 2009).
Thus, in addition to reducing health risk and aesthetic problem, on-site treatment
can help to optimize resource recycling and re-utilization and minimize energy

and operation costs (Friedler 2004).
1.4.2. Anaerobic treatment of source-separated blackwater

Anaerobic digestion (AD) is a mature technology which involves different
groups of microorganisms to decompose and convert organic matter into biogas
(Rittmann and McCarty 2001). Anaerobic digestion process, governed by
different groups of microorganisms, is a multi-step process consisting of four
main stages in series: hydrolysis, acidogenesis, acetogenesis and methanogenesis
(Batstone et al. 2002, De Mes et al. 2003). The schematic diagram in figure 3 shows
the different processes involved in anaerobic degradation and the rate-limiting

steps.
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Figure 3. Processes of anaerobic degradation (adopted and modified from Khanal S. K.

(Khanal 2011)).

A thorough understanding of both the chemistry and microbiology of the
anaerobic process is a prerequisite for the anaerobic systems to be used
successfully implemented (Rittmann and McCarty 2001). Through hydrolysis
complex proteins, carbohydrates, and fats converted into simpler molecules such
as amino acids, sugars, and fatty acids. These simpler molecules are then
fermented to form fatty acids and hydrogen (acidogenesis). The fatty acids are
oxidized further to acetate and hydrogen (acetogenesis). Finally, two different
methanogenic groups convert acetate and hydrogen to methane
(methanogenesis) (Vogeli 2014). Acetate-forming (acetogenic) bacteria which
grow in a symbiotic relationship with methane-forming bacteria (Gerardi 2003)
convert volatile fatty acids (VFAs) into acetic acid, carbon dioxide and hydrogen
to supply the methane production process. Otherwise, the accumulation of
unionized VFA inhibits methanogenesis and cause process failure (Weiland
2010). At the same time, the high level of hydrogen is a limiting step for acetogens
(Gerardi 2003). Acetate-forming bacteria which are obligate hydrogen producers

survive only at very low concentrations of hydrogen in the environment. They
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can only survive if their metabolic waste, hydrogen, is continuously removed.
Methanogens, thus, consume the hydrogen and keep the partial pressure of

hydrogen low for the acetogens to survive and function (Gerardi 2003).

On the other hand, methanogens are known to be highly sensitive to their
environment in terms of temperature, pH, and the concentrations of certain
chemical compounds (ammonia, unionized VFAs) (Manser 2015). Moreover,
basic considerations such as the composition and strength of wastewater, the
volume, activity and adaption of the inoculum, operation parameters like loading
rate, retention time and liquid mixing are all important in the design and

operation of the anaerobic treatment (Weiland and Rozzi 1991).

In such a multi-step and complex process, the kinetics of the slowest step will
account for a limiting step of the overall kinetic process. In most cases, either
hydrolysis or methanogenesis become a rate-limiting step. Hydrolysis is often
limited if the substrate is rich with insoluble or poorly biodegradable organic
solids, while the rate-limiting step in the digestion of solubilized organic matter
is methanogenesis (Tomei et al. 2009). If hydrolysis is a limiting step, the
accumulation of suspended solids in the reactors is prevalent, resulting in
decreased methanogenesis and removal efficiencies (Miron et al. 2000). Under
these conditions, the application of short hydraulic retention time (HRT) is
virtually impossible and hence a long sludge retention time (SRT) is needed for
stabilization of the solids and sludge inside the upflow anaerobic sludge bed
(UASB) reactor (Zeeman and Lettinga 1999). Based on this knowledge it was
decided to search for a technological solution that could handle short HRT with

high feed particulate content.

With decades of experiences in AD and novel technological developments, the
application potential of the high-rate anaerobic reactor systems expanded to a
more extreme type of wastewaters (Van Lier et al. 2015). In recent studies, the

feasibility of anaerobic treatment of source-separated blackwater characterized
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by high suspended solids was successfully demonstrated at the lab- and full-scale
in The Netherlands using UASB with relatively short HRT (de Graaff et al. 2010a,
Tervahauta et al. 2013, Cunha et al. 2018b, Zeeman et al. 2008). The application of
UASB septic-tank (Kujawa-Roeleveld et al. 2005) and continuous flow stirred
tank reactor (CSTR) (Wendland et al. 2007) to concentrated source-separated
blackwater have also been investigated. UASB septic-tank is an upflow mode
system designed for the accumulation and stabilization of sludge (Zeeman and
Lettinga 1999, Kujawa-Roeleveld et al. 2005, Kujawa-Roeleveld and Zeeman
2006). However, it requires long HRT and thus a larger reactor volume. On the
other hand, CSTR is a continuously fed reactor where the liquid and the solid
including biomass, are completely mixed (Zeeman and Kujawa-Roeleveld 2013)
and is characterized by a long HRT and short SRT (HRT=SRT) (Wendland et al.
2007). Moreover, the performance of CSRT in terms of CODt and CODss removal
is low compared to UASB and UASB septic-tank. In UASB and UASB septic-tank,
good removal efficiency of organic matter was achieved due to the establishment
of a dense sludge bed at the bottom of the reactor, in which all biological

processes take place (Kujawa-Roeleveld and Zeeman 2006).

The novel development in UASB reactors, however, received great interest due
to their high loading capacity and low sludge production (van Lier 2008, Zeeman
et al. 2008). The upflow mode provides sufficient contact between anaerobic
sludge and incoming substrate of the wastewater, thereby increasing the physical
removal of suspended solids and biological conversion of dissolved organic
compounds (Luostarinen and Rintala 2005). The high-rate UASB technology
relies on the inoculation of anaerobic granular sludge, growth of granular sludge
and the application of an internal gas-solid-liquid (GSL) separation system to
retain biomass and formation of good settling sludge aggregates (Zeeman and
Lettinga 1999, Van Haandel et al. 2006, van Lier et al. 2008). Another important
feature and more relevant factor in the design of UASB to achieve high biomass

retention is the height of the reactor (Lettinga and Pol 1986). The height should
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be sufficient to provide enough sludge bed height, to avoid channelling of
suspended particles and to keep liquid upflow velocity within maximum
permissible limits. Based on this it was assumed that an adaptation of the
granular sludge bed process to handle high particulate feeds in a compact design

was required for conditions relevant for Norwegian applications.
1.4.3. Nutrient recovery from anaerobically treated blackwater effluent

The estimated total emissions of phosphorus and nitrogen from all the
Norwegian municipal wastewater plants, including estimated leakage losses, in
2016 was 1530 tons for total P and 19880 tons for total N (Berge et al. 2017). The
total nutrient discharge to the environment is even likely to be higher at the
source, considering the numerous smaller point emissions that are not captured
by these figures. As stated earlier, the main source of these nutrients is the
blackwater stream of the domestic wastewater and in particular from urine.
Hence, the nutrients (particularly N, P and K) from source-separated blackwater
of the domestic wastewater stream are the main sources of pollution, but if

managed and recovered they are potential resources.

Recovery of these nutrients with appropriate technology can provide a vast range
of benefits. These include (i) reducing eutrophication problems in downstream
water bodies, (ii) providing a potential source of fertilizer which generates
agricultural and economic value by reducing the reliance on chemical fertilizer
(Verstraete et al. 2009), (iii) reducing the energy used to produce an equal amount
of chemical fertilizer (McCarty et al. 2011), and (iv) avoid advanced nutrient
removal processes, including nitrification, denitrification, reducing greenhouse
gas emission, and phosphorus elimination. However, the efficiency and cost-
effectiveness of the nutrient recovery methods as well as the management

strategy should be considered particularly at the small-scale level.

Since biomass production under anaerobic condition is low, after anaerobic

digestion of the source-separated blackwater, most of the nutrients are largely
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conserved in the liquid phase. Phosphorus and nitrogen subsequently can be
recovered from the anaerobic effluent by physical-chemical processes such as
ion-exchange, electrodialysis, mnanofiltration or reversed osmosis (van
Voorthuizen et al. 2008) and by precipitation as struvite (Maurer et al. 2006, de
Graaff et al. 2011a) or Ca-P (Tervahauta et al. 2014b, Cunha et al. 2018b). Struvite
precipitation is usually used for simultaneous recovery of phosphorus and
nitrogen. However, due to the high N/P atomic ratio of the anaerobically treated
blackwater, the fraction of nitrogen that can be recovered through struvite is
limited (Vasconcelos Fernandes et al. 2015) unless additional P and Mg is added
to the stoichiometric level of the N in the digestate. Phosphorus recovery from
concentrated wastewater through struvite precipitation requires a high pH (>8)

and the extra addition of magnesium to form MgNHPO: (de Graaff et al. 2011a).

The most common Mg sources used in struvite precipitation studies are salts of
Mg, such as MgCl2, MgSO4 and MgO. It has been, however, reported that the
cost of high-grade Mg compounds contributes up to 75% of overall production
costs, limiting large-scale use economically not viable (Dockhorn 2009). Using
magnesium alloy (electrochemical magnesium dissolution) as an alternative
source of struvite crystallization has also been reported feasible to recover
phosphate (Hug and Udert 2013, Huang et al. 2016). Electrochemical magnesium
dosage involves the direct dissolution of the magnesium in the solution and
requires no mechanical feed mechanism. Such a system is particularly interesting

for decentralized reactors (Hug and Udert 2013).

A coupled electrochemical process, electrochemical precipitation of struvite
followed by electrochemical decomposition of the struvite formed, has been
evaluated as a feasible mechanism for simultaneous P recovery and N removal
(Huang et al. 2016). The solid obtained from the calcination of MgINH4+PO4 (MAP)
could be reused for the removal/recovery of aqueous ammonium. It was
suggested that MgHPO: was a key compound for the recycling of MAP for the

removal/recovery of aqueous ammonium (Sugiyama et al. 2005). The calcination
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process, however, may require high energy input. Calcium phosphate granule
formation in the anaerobic treatment of blackwater has also been investigated as
an alternative P recovery method (Tervahauta et al. 2014b, Cunha et al. 2018a,
Cunha et al. 2018b). Addition of Ca in a UASB reactor during the treatment of
source-separated BW increased the accumulation of P and stimulated formation
and growth of Ca-P granules, without affecting the treatment performance
(Cunha et al. 2018a). Ca-P granulation could, however, be influenced by the
bicarbonate and Ca concentration in the incoming blackwater (Cunha et al.
2018b). Moreover, the thickness and composition of the outer biofilm on the Ca-

P granule and formation of CaCO3 may hinder the recovery of P.

On the other hand, ammonia stripping has been applied at full scale for N
recovery (Maurer et al. 2003). Ammonia stripping, however, requires a large
energy and chemical inputs. Recently, use of microbial electrochemical
technologies (METs) for N recovery from urine has shown to be technically and
economically viable, opening the path for novel decentralized systems focused
on nutrient recovery and reuse (Ledezma et al. 2015). Microbial fuel cell (MFC) is
a bioelectrochemical technique which utilizes electrochemically active bacteria
(EAB) or electrogenic bacteria to convert biodegradable COD to electrons and
form an electric field on the anode (Kim et al. 2015). The electrons produced by
EAB are then transferred to the cathode using the potential gradient between the
anode and the cathode. Localized pH increases near the cathode would produce
a shift of ammonium ions to ammonia, resulting in nitrogen losses due to
ammonia volatilization through the cathode (Kim et al. 2008). Ammonia released
from the liquid-gas boundary via volatilization can be recovered by subsequent
absorption into an acid solution (Kuntke et al. 2012). This system recovers only
N and has to be integrated and preceded by a struvite reactor to recover both N
and P. Moreover, various parameters such as electrodes, materials, configuration,
biocatalyst, reaction kinetics, fabrication and operational costs, resistance for

electron transfer etc. will critically govern the performance of microbial catalyzed
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electrochemical systems and poses challenges towards up-scaling and practical

applications (Butti et al. 2016).

The other alternative is to optimize complete nutrient recovery (N, P, K and
micronutrients) through microalgae biomass production (Tuantet et al. 2014a) or
through concentrating the nutrient solution by nitrification and distillation
(Udert and Waéchter 2012). The later, however, require more energy input for
nitrification and distillation (Udert and Wachter 2012, Fumasoli et al. 2016).
However, for reliable operation of these processes, the feed should be free of
particles, colloidal material, and as low as possible in soluble organic matter
(Tanninen et al. 2005). Using selective adsorbent (such as Cocos char and
activated granular carbon) for the removal of residual organic matter, total
suspended solids, turbidity and possibly micropollutants and pathogens, both N
and P can be recovered in the liquid phase as a nutrient solution. This has not
been studied as nutrient recovery option from anaerobically treated effluent but
could be the ideal solution if the nutrients are used for local food/feed production
close to the source as well as for hygienized and purified sources of N and P if
concentration of the nutrients (through struvite or other methods) in small

volume is needed.
1.4.4. Application of microalgae for wastewater treatment and nutrient recovery

In the past few decades, tremendous efforts have also been put into the research
of microalgae cultivation in wastewater. The cultivation of microalgae in
wastewater offers the combined advantages of treating the wastewater and
simultaneously producing algal biomass. The biomass can further be exploited
for protein complements and food additives (for aquaculture, animal and human
feed), an energy source such as biogas and biofuels, agriculture (fertilizers and
soil conditioners), pharmaceuticals, cosmetics and other valuable chemicals. The
use of a wide range of microalgae species such as Chlorella, Scenedesmus,

Phormidium, Botryococcus, Chlamydomonas and Spirulina for treating domestic
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wastewater has been reported (Olguin 2003, Chinnasamy et al. 2010, Kong et al.
2010, Wang et al. 2010b) and effectiveness of this method was found to be
promising. Studies showed positive results regarding the potential of utilizing
microalgae to remove nitrogen, phosphorus, and other elements (especially

heavy metals) from wastewater (Cai et al. 2013).

As compared to the typical agricultural, municipal, and industrial wastewater,
AD effluents have relatively lower levels of carbon as most of the organic carbon
is converted to methane and microbial biomass during the anaerobic digestion
(Wang et al. 2010a). The AD effluent, however, retains high concentrations of
dissolved nutrients mainly ammonium nitrogen and orthophosphate. Hence, the
removal of nitrogen from such effluent, with very low carbon/nitrogen (C/N)
ratio, can often be limited in conventional wastewater plants (WWTPs) because
organic carbon is a limiting factor for denitrification. Recent developments in
innovative nitrogen removal pathways such as shortcut nitrification/
denitrification (Ruiz et al. 2006, Gao et al. 2009, Gao et al. 2010) simultaneous
nitrification/denitrification (Helmer and Kunst 1998, Yilmaz et al. 2008, Virdis et
al. 2010), and the nitritation-anammox process (Fux et al. 2002, Vazquez-Padin et
al. 2009, de Graaff et al. 2010b, Vlaeminck et al. 2012, Lackner et al. 2014) can
remove nitrogen with low or zero dosage of organic carbon sources (Sun et al.

2010). These processes, however, do not encourage N recovery as a resource.

Converting nutrients contained in AD effluent into microbial biomass like
microalgae may, therefore, be an efficient way to recover nutrients for use as
biofertilizer, fish food or as a resource coupled to biofuel production. Moreover,
local recovery of N and P reduces the need for mineral fertilizers and the
associated or indirect energy and transportation cost. The use of microalgae as an
integrated technology offers both N, P, K and other macro and micronutrient
recovery. The nitrogen in the AD effluent is mainly available as ammonium

(Singh et al. 2011), and a dilution of the AD effluent may be needed before feeding

23 | Page



to the microalgae to avoid the potential inhibition of algal growth due to a high

ammonium concentration and turbidity (Wang et al. 2010c).

A recent study, however, demonstrated the possibilities of growing microalgae
on non-diluted urine and anaerobically treated blackwater (Tuantet et al. 2014a,
Vasconcelos Fernandes et al. 2015). Chlorella sorokiniana was able to grow on
concentrated human urine with up to 1.4 g NHa *-N L™ (Tuantet et al. 2014a) at a
pH lower than 8.0, although, maximum growth was obtained, on 20 times diluted
urine with additional trace elements (Tuantet et al. 2014b). A post-treatment of
urine and anaerobically treated blackwater may, however, be required to reduce
the residual organic matter, suspended particles, and turbidity which again
improve the light transmission and reduce the light energy demand. Moreover,
the post-treatment may reduce micropollutant and heavy metal load to the
microalgae and pathogen contamination. This is, therefore, one of the aims of the

present study to evaluate if this can be achieved.
1.5. Source-separating sanitation approach in rural Norway

In Norway, about 16 % of the population is connected to over 335,000 on-site
wastewater treatment systems (Berge and Chaudhary 2015). In addition to the
335,000 on-site systems for rural residents, more than 420,000 recreational houses
are currently found in rural Norway (Berge et al. 2017). In 2016, the total
discharges of phosphorous and nitrogen in Norway, for the whole wastewater
sectors including estimated leakage losses, was around 1530 tons of P and 19880
tons of N (Berge and Seether 2018). The on-site treatment plants, <50 pe,
contribute to about 24 % of the total P discharge and about 15 % of the total N
discharge (Berge and Seether 2018).

Septic tanks without further treatment or discharges without treatment account
for 54% of all systems and are found along the western coast where the recipients

are less sensitive to phosphorus discharges. In more sensitive recipients with

24 | Page



strict regulations on phosphorus discharges we find soil infiltration systems
(29%), sand filters (6%), biological/chemical package treatment plants (4%),
various types of source separation systems with collection of black and/or
greywater (5%) and constructed wetlands and other undefined solutions (2%)
(Berge et al. 2017). However, in areas where the soil cover is limited or not
suitable for infiltration, particularly in the mountain areas and along the coast,
where a large fraction of the cottages are located, other solutions are needed. As
pointed out by Johannessen (Johannessen 2012) approximately 2/3 of the package
treatment plants under operation do not meet the required outlet quality, partly

because of insufficient operation/maintenance.

As a supplement to soil infiltration systems and package treatment plants,
subsurface flow constructed wetlands (CWs) with bio-filters as a pretreatment
was demonstrated in cold climate for the treatment of domestic wastewater
(Jenssen et al. 1993, Maehlum et al. 1995). These CWs, utilizing Filtralite® P, a
light-weight expanded clay aggregate with high phosphorus sorption capacity
(Adam et al. 2007), showed excellent performance (Jenssen et al. 2005). However,
appropriate selection of filter bed media and their grain size is essential.
Moreover, the performances of such systems depend on the composition and

lifetime of the filter bed materials and area requirements (Drizo et al. 2002).

The CW’s in Norway require 7-10 m? wetland area per person according to
Norwegian design guidelines. In order to reduce the footprint, a compact version
of the CW was constructed with reduced filter volume contained in a fiberglass
tank. The compact filter system performed well for the expected 5 years of
operation, limited by the phosphorus sorption capacity (Heistad et al. 2009). The
study by Heistad also showed a high removal of faecal indicators as well as
bacteriophages. This is of particular interest in rural areas where the households
have individual drinking water wells. A study of compact filter bed systems with
Filtralite® P as a filter material in the Nordic countries, as an alternative to the

larger CWs, showed stable and consistent performance (Jenssen 2010). The
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integrated biofilter is essential for stable performance in cold climates and the
principles of biofiltration as a pretreatment has been utilized in soil infiltration
systems (Heistad et al. 2001) and in CW'’s treating greywater (Jenssen and Vrale
2003).

With the aim to serve single households/cottages in sensitive recipient areas the
knowledge obtained from using pretreatment bio-filters and constructed
wetlands in Norway was utilized in the design and development of a compact
on-site greywater treatment system using septic tank and aerobic biofilter
succeeded by a secondary clarifier, with final discharge to local deposits or
shallow sand filter trench (Heistad et al. 2006). The results obtained from more
than 8 years of full-scale laboratory tests have shown stable performance with
respect to the removal of organic matter, nutrients and faecal indicators (Moges
et al. 2014). The small size of the treatment plant facilitates installing of this type
of bio-filter systems on small lots or under difficult ground conditions with
sensitive recipients. These systems are, therefore, ideal for cottages, single houses
or cluster of houses in remote areas. However, most of the treatment systems are
designed to remove P, and a comprehensive study to assess treatment efficiencies
and effluent quality with a resource recovery concept in a rural configuration of
a source separating sanitary system has not been implemented. Moreover, post-
treatment system using column filtration, to mimic soil infiltration trench, need
to be tested to study the application of these systems in vulnerable areas and
where discharge requirements are very stringent, and to assess the potential of

greywater for non-potable local reuse.

On the other hand, most of the treatments related to blackwater are a collection
in sealed tanks which are then emptied periodically and transported to the
central wastewater treatment systems. These sealed tanks could be sources of
uncontrolled emission to the environment, particularly during emptying and
transportation. Discharging the concentrated blackwater into the central

wastewater treatment plant may also cause temporal nutrient and organic shock
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loads to the wastewater treatment system. Source-separation sanitation with
energy and nutrient recovery through the integration of AD has not been tested
in this region. This could be a viable opportunity for reducing the environmental
impacts from these on-site wastewater treatment systems and at the same time to
recover energy and nutrients at the source of waste generation. Although the
UASB reactor is considered proven and might be the best candidate for treating
concentrated blackwater, its use is currently rare in Norway. The high tower
feature of the UASB might be a critical issue especially when the reactors should
be installed in basements or in low sheds discreetly integrated into the terrain.
The height of such rooms is generally designed low to minimize heat loss during
the long cold season. Moreover, an adaptation of the granular sludge bed process
to handle high particulate feeds in a compact design was needed to be tested in
the Norwegian conditions. Hence, designing and developing alternative compact
and efficient high-rate AD reactor with enhanced solid retention capacity for
treating concentrated blackwater in small volume reactor is required for

conditions relevant for Norwegian applications.
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2. Approaches and objectives of the thesis

Except for pathogens and micro-pollutants, the bulk volume and components of
domestic wastewater are renewable resources. The question is how do we
strategically manage domestic wastewater towards sustainable means of
resource recovery? In what ways can we integrate new concepts and technologies
to achieve both resource recovery and environmental and public health safety?
Moreover, how can we enhance the sustainability of these activities in domestic

wastewater management?

The development of separate treatment technologies aiming at the separate flows
of domestic wastewater streams fit for reuse or recycling enables us to identify,
quantify and recover value-added resources from domestic wastewater. Circular
flows of these resources within the sources of origin enhance the sustainable
management of water, nutrients and energy. The recovery of energy and
nutrients from wastewater results in a reduced organic matter and nutrient
release and thus alleviate the major problems related to environmental
degradation such as eutrophication and pollution of drinking water sources

(Carey et al. 2016).

The approach in this study is, therefore, to consider households and communities
as a source of sustainable production units of water, energy, nutrients and food
from the wastewater they generate. Targeted treatment of source-separated
wastewater streams at household or community level will shift the wastewater-
related problems to a source of value creation. Despite the basic knowledge on
source-separated sanitation, efficient and affordable technology solutions for a
combined treatment and resource recovery facility and to create opportunities for
the circular economy are still under development. Only few successful
demonstrations and full-scale systems are developed, mainly in The Netherlands

(Kujawa-Roeleveld 2005, de Graaff 2010, Zeeman and Kujawa-Roeleveld 2011,
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Tervahauta et al. 2013, Leal Lucia et al. 2017, Zeeman et al. 2008) and Germany
(Otterpohl 2002, Wendland and Oldenburg 2003, Otterpohl and Buzie 2011).

Implementation of these new perspectives of domestic wastewater management
systems in the realm of water - nutrient - energy nexus are, therefore, utmost
important. In the Norwegian rural settings, the current small on-site wastewater
treatment systems contribute to 24% of the total P discharge and about 15% of the
total N discharges into the environment. The existing source-separated systems
(5%) are used in sensitive areas or areas unsuitable for infiltration, in order to
reduce the local discharges, not for the purpose of reuse. To our knowledge no
full-scale source-separated, on-site system is currently in operation with the
purpose of resource recovery. Post-treatment steps for greywater recovery for
non-potable local reuse and on-site blackwater treatments have not yet been
applied. Hence, designing and developing an alternative compact and efficient
high-rate AD reactor with enhanced solid retention capacity for treating
concentrated blackwater in small volume reactor is suggested as an integrated
part of source-separation sanitation system. By developing and integrating
efficient post-treatment schemes into the source-separation sanitation systems a
circular resource flow can be achieved on a local scale. This study, therefore,
contributes to the current knowledge of transforming the domestic wastewater

streams into reusable resources.

Recovery of energy and nutrients from wastewater aiming at no or minimum
chemical and energy inputs will contribute to the local needs of energy and
nutrients. The recovered nutrients could be recycled to agriculture for food or
feed production. Moreover, waterbodies could be more effectively protected
from organic matter, nitrogen and phosphorus inputs. These dual goals make
source-separation with targeted treatments of the domestic wastewater streams
a very attractive option for sustainable management of water and wastewater.

The study also aims to contribute to fill the knowledge gaps in technology
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development with respect to the major challenges in reaching a widespread use

of source-separation system.

The overall objective of the research project was twofold, i) to develop a
combined treatment and resource recovery facility for a systematic closure of
local resource flows with potential contribution towards a circular economy and
ii) to assess the performance of the combined processing units for an efficient on-
site treatment and in-situ resource recovery from source-separated domestic

wastewater streams.
The specific objectives of this study and each of the appended papers are

o To assess treatment efficiencies and effluent quality of a biofilter system
for on-site greywater treatment, and to study the application of post-
treatment systems (Fig. 4) for water reuse applications and for vulnerable

areas where discharge requirements are very stringent. (Paper I and II)

o To evaluate the application of an upflow sludge blanket anaerobic baffled
reactor for source-separated blackwater and assess the effects of load and
feed pulses on its performance in terms of initial adaptation, stability,
effluent quality, the removal efficiency of organic and suspended

particulate matter, biogas production and methane yield. (Paper III)

o To develop a combined treatment and resource recovery unit for
processing blackwater and assess residual OM, TSS, and pathogen
removal efficiency and nutrient recovery potential of different filter media

(Paper IV)

o To assess the nutrient recovery efficiency of Chlorella sorokiniana and its

potential to improve effluent quality (Paper V)
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2.1. Scope and structure of the thesis

The thesis is based on five papers studied on source-separated domestic
wastewater streams from student dormitories inhabiting 48 students at NMBU,
As, Norway. The study focused on combining and developing integrated
processing units for a source-separating sanitation system to achieve efficient
treatment and resource recovery. These integrated processes include applications
of the following four units. i) Compacted greywater treatment systems for water
recovery and safe discharge (Paper I & II). ii) Anaerobic treatment of source-
separated blackwater for energy recovery (Paper III). iii) Liquid digestate
treatment with anaerobic carbon filtration coupled with UV for sanitized liquid
nutrient recovery (Paper IV). And iv) Use of microalgae for optimization of
nutrient recovery and improving effluent quality (Paper V). Figure 4 presents an
overview of the scope of the research approach and system description in this

thesis.

& &
o [] O VY s PAPER IV

Treatment Filtration of PEnTalE
Anaerobic AT
effluent

PAPER I & I

Figure 4. An overview of the research approach and system description in this thesis.

The first section of the thesis examines the effect of source-separation on the

efficiency of on-site greywater treatment plants (Paper I). The organic and
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nutrient loads are the most important factors that determine the design and
efficiency of on-site wastewater treatment systems. The mass load of organic
matter, total suspended solids, and nutrients were measured, and results
discussed. Since the majority of nutrients, organic matter, pathogens,
pharmaceuticals and hormones originate from a very small fraction of
wastewater called blackwater, separation of this stream from the rest of the
wastewater stream would allow for simplified greywater treatment for water
recovery or safe discharge. The impact of varying loading conditions, which may
be caused by pump failure and power break, have also been tested and the
performance of the system evaluated. In the second part of this section, post-
treatment steps using soil infiltration system and saturated column filtration
units (Paper I and II) were integrated and studied to establish affordable
mechanisms to reduce the risks during overloading or overflow conditions and
unintended discharges. Moreover, the performances of post-treatment systems
were also evaluated for unrestricted water reuse and for applications in

vulnerable areas where discharge requirements are very stringent.

In the second section of the thesis, the separately collected blackwater was used
as the feedstock for a laboratory scale anaerobic digester. The performance of a
hybrid upflow sludge blanket anaerobic baffled reactor was studied with respect
to load and feed pulse lengths (Paper III). Intensive data were collected and
analyzed to evaluate the effects in terms of stability, effluent quality, the removal
efficiency of organic and suspended particulate matter, biogas production and

methane yield.

The third part of the thesis deals with developing a combined treatment and
nutrient recovery facility to establish mechanisms for a more dependable source
of plant nutrients from the liquid phase of anaerobically treated blackwater
(Paper IV). Different filter media were tested and evaluated for selective removal
of organic matter and suspended particles while retaining the nutrients in the

liquid phase. An integrated post-treatment unit was developed from which a
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hygienically safe and aesthetically good nutrient solution (liquid fertilizer) was

produced.

The last part of this thesis focused on the optimization of nutrient recovery and
improving effluent quality of anaerobically treated blackwater. One of the main
challenges for the produced nutrient solution in Paper IV is storage and
transportation for use in agricultural fields if not used close to the source. The
aim of this last part of the thesis is, therefore, to develop a sustainable processing
unit to capture and store nutrients discharged from anaerobically treated
effluents and produce value-added resources (biofertilizer, bioenergy, etc.).
Thus, a flat panel photobioreactor was used to cultivate the unicellular green
microalgae species Chlorella sorokiniana strain CHL176 obtained from NIVA on
treated source-separated blackwater as a substrate in continuous culture.
Biomass production and nutrient removal rates were assessed (Paper V).
Nutrient recovery from anaerobically treated blackwater assessed as the amount

of N and P retained in the algae culture and challenges discussed.

Finally, the key conclusions of the thesis and outlooks for future work are

presented.
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3. Materials and Methods

The study was conducted based on different bench-scale laboratory experiments
at the Norwegian University of Life Sciences (NMBU), As. Both source-separated
greywater and blackwater collected from the Kaja student dormitories with 48
inhabitants at NMBU transported in a separate pipe to the laboratory and used
as a feed source for the greywater treatment plant and the anaerobic reactor,
respectively. The supply system is described in detail in Todt et al. (Todt et al.
2015). As the main objective of this thesis is to develop a combined processing
unit for efficient on-site treatment and in-situ resource recovery, sequences of
experiments were undertaken based on the source-separated system installed at
Kaja. The recovery of both water, energy and nutrients from domestic wastewater

were investigated using biological and physical processes.
3.1. Experimental set-up for the different experiments
3.1.1. Source-separation and on-site treatment of greywater (Paper I and II)

In this section, the performance of the biofilter system and two alternative post-
treatment options were studied. The study used a greywater treatment GWT
system (Ecomotive-A02, Ecomotive AS, Runde, Norway) designed for cottages
and small households (Heistad, 2008). The GWT system encompasses a sequence
of a primary settler, an unsaturated fixed-film biofilter and a secondary clarifier.
For the fixed film biofilter lightweight clay aggregates (LWA) having a diameter
of 10-20 mm (Filtralite, Saint-Gobain Byggevarer AS, Alnabru, Norway) is used.
The filter bed has a thickness of 500 mm. The raw greywater was fed into the
Ecomotive-A02 GWT system using a peristaltic dosing pump. After primary
settling, the greywater was distributed over the biofilter in intermittent pulses
via full cone nozzles as described by Heistad et al. (Heistad et al. 2006). The
dosing pump was controlled by a level switch in the primary settler and a timer

giving the pulse length and intervals. The filter is designed for a nominal load of
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650 L d™'. The GWT system was loaded based on the European test protocol for
package treatment plants (NS-EN 12566-3:2005 + A2:2013) (Norge 2013) with a
diurnal distribution of hydraulic load (Table 2).

The effluent of the biofilter system was also further studied with two alternative
post-treatment options with the aim of applications in the sensitive areas where
discharge permits are very stringent and for unrestricted use in water-limited
areas. The first alternative post-treatment options illustrate infiltration trench as
a polishing step for the GWTP effluent. The study used columns representing
discharge points in an infiltration trench with a single-hole in the perforated
disposal pipe that is placed on the top of the infiltration trench in the actual

disposal system (Paper I).

Table 2. Diurnal distribution of greywater into the GWTP. (From Paper I)

Timeframe Volume fraction (%) of
daily load

0:00-07:00 no load

07:00-09:00 40

09:00-12:00 15

12:00-19:00 no load

19:00-21:00 30

21:00-0:00 15

The second alternative works for areas where infiltration trench is not an option
for several reasons. In this experiment, the effluent from the biofilter (before

entering the second clarifier) was pumped at a constant flow rate of 280 Lmd-!
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with a multichannel peristaltic pump to the experimental columns. The columns
were fed continuously in upward saturated flow mode as opposed to the biofilter
unit and infiltration trench column, which were fed intermittently under
unsaturated conditions (Paper II). Figure 5 shows the schematic diagram of the
experimental set-up. The COD, TSS, N, P and indicator organisms (TCB and E.
coli) in the influent and effluent samples were analyzed every week. Details of
the method description and analytical procedures are outlined in the

corresponding papers (Paper I and II).

Paper II
Biochar  Filtralite Unfilled

—

- -
i e //

p S—__ §
=l 3

Figure 5. Schematic diagram of the experimental set-up for Paper I and II

3.1.2. Anaerobic treatment of source-separated blackwater (Paper III)

A new prototype of upflow sludge blanket anaerobic baffled reactor was tested
for the treatment of source-separated blackwater. Source-separated blackwater
from Kaja student dormitory was used for this study. The blackwater was
transported to the laboratory facility with an impeller pump (40U, Tsurumi
Europe GmbH, Diisseldorf, Germany). The experimental set up consists of a

continuously stirred raw BW storage tank, a buffer tank and two cylinder-shaped
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laboratory scale two stage sludge blanket anaerobic baffled reactors with a

working volume of 16.4 L each (Fig. 6).

The reactors were fed intermittently with 16 pulses per day at a hydraulic loading
rate (HLR) of 6 L d! and a hydraulic retention time (HRT) of about 3 days. Two
different pulse lengths, 12 and 24 seconds per pulse, were applied for Reactor I
and Reactor II, respectively. Chemical oxygen demand (COD), TSS, VFA, pH,
NHs-N, POs-P, TCB, and E.coli were analyzed weekly at different sampling
points. Biogas production was measured continuously. Methane and CO: gas
were measured on weekly bases. Details of the reactor configuration, method

description and analytical procedures are outlined in Paper III.

l;@:‘/_\ Gas flow meter
/ Gas sampling point
Gas flow meter /
Gas sampling point
=]
Raw Black water tank \J Reactor Il

Buffer tank

I

Figure 6. Flow scheme of the experimental set-up for anaerobic treatment of source-

separated blackwater. P indicates pumps and the valve signs indicate sampling points

(Paper III)
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3.1.3. Post-treatment of anaerobically treated blackwater effluent for nutrient recovery

(Paper IV)

Anaerobic digestion alone does not provide the necessary requirement in terms
of nutrient recycling. Developing mechanisms for the removal of residual organic
contaminants including pathogens and micropollutants from anaerobically
treated blackwater, while keeping essential plant nutrients in the liquid-phase, is
vital as a source of value creation and for reducing both health-related and
environmental risks. Anaerobic filtration followed by unsaturated downflow
filtration was carried out with three filter materials to assess their performance in
removing residual organic matter, total suspended solids, and pathogens while

retaining N and P in the liquid phase as a nutrient solution.

A UV light chamber of 290 mm long and 55 mm diameter with a working volume
of 0.9 L and an 11 Watt UV lamp was installed at the outlet of the best performing
columns to evaluate the removal of indicator organisms in the nutrient solution.
The retention time of treated effluent in the UV chamber was about 3 h. Figure 7
displays the schematic flow of the experimental set-up for the filtration of
anaerobically treated blackwater effluent in a sequential upflow and downflow
filtration system in two replicates for the three treatments: coarse Polonite (& 2.8—
4.0 mm), granulated activated carbon (o 0.5-1.4 mm) and Cocos char (¢ 0.35-1.18
mm). Details of the reactor configuration, method description and analytical

procedures are outlined in Paper IV.
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Figure 7. Schematic flow of the experimental set-up for the filtration of anaerobically

treated blackwater effluent. (From Paper IV)

3.1.4. Optimization of nutrient recovery and improving effluent quality (Paper V)

The treated and hygienized nutrient solution from anaerobically digested
blackwater effluent was collected for application in microalgae biomass
production. The purpose of this experiment was to optimize nutrient recovery,
concentrate nutrients in a small volume and produce effluent that meets the
environmental discharge limit. The experiment was conducted at the Vollebekk
microalgae laboratory, As in collaboration with NIBIO. Two flat panel
photobioreactors (PBRs) with an outer dimension of 240 x360x 40 mm (WxHxD)
and a respective inner dimension of 180x 300 x 30 mm were used in this
experiment (Skjanes et al. 2016). Chlorella sorokiniana was cultivated in continuous
culture (chemostat) under a controlled temperature of 37 °C and a pH of 7. The
PBRs were continuously illuminated with LED panels on illuminated surface
areas of 0.054 m?with an average light intensity of 1450 umol photons m?s. The
culture volumes were kept at 1.3 L. After running the culture with a defined
medium as a control, a 10% and 20% solution of treated blackwater was used as
a source of substrate for the rest of the experiment, respectively. Daily samples
were analyzed for optical density (OD), biomass and dissolved inorganic

nutrients NH+-N, NOs-N, NO2-N and POs-P. The growth of Chlorella sorokiniana
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was monitored by optical density (OD) and dry biomass weight (DW). Biomass
productivity, biomass yield on light energy and N and P removal rates were
determined. Details of the reactor configuration, method description and

analytical procedures are outlined in (Paper V).
3.1.5. Statistical analysis

Wherever necessary, the basic features of the data set were described using
descriptive statistics. Due to the nature of the samples, mean values are markedly
different from the median values indicating a positive or negative skewness of
the data distribution. The geometric mean was used for microbial result
interpretations. Unstacked One way ANOVA was used to measure the overall
variation between and within treatments. An alpha level of 0.05 used to
determine statistical significance for all analyses. All statistical analyses were
performed using Minitab 17 statistical software (State College, PA: Minitab, Inc.).
The grouping information among the different treatments was determined using

Tukey and Fisher methods.
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4. Results and Discussion

4.1. Characterization and treatment of source-separated greywater at

Kaja student dormitory

At Kaja student dormitories the greywater production was estimated to be about
150 litres per student per day, with long and frequent showers accounting for a
major part (Jenssen and Vrale 2003). Figure 8 shows the annual domestic
wastewater stream flow by volume when considering an average excretion of 1.5
L urine and 0.2 L faeces per person per day and 4 L flushing water per day using
a vacuum toilet. About 550 L of urine and 75 L of faeces can be produced per

person per year.
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Figure 8. Annual domestic wastewater stream flow by volume

A large fraction of organic matter, N and P and almost all of the pathogens,
pharmaceutical residues and hormones are contained in the urine and faeces
representing only 1% by the volume fraction of the total domestic wastewater or
in the blackwater stream, which represent 4% of the total domestic wastewater

volume when vacuum toilet is used. Hence, with a vacuum toilet, about 96% by
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volume of used domestic water (greywater) is relatively less polluted. Using a
conventional toilet with 36 L flushing water per person per day 80% by volume
of used water would be relatively less polluted. Moreover, when using a vacuum
toilet 90% of toilet water consumption, which corresponds to 24% of the total

water consumption per person, can be saved.

The average total COD, BOD, TSS, total N and total P in the studied greywater
were 267 + 71, 137 + 38, 82, 14 + 3 and 1.2 + 0.3 mg L7, respectively. The
concentration of COD and P in this greywater were lower when compared to the
concentrations of these parameters in other places such as The Netherlands
(Hernandez Leal et al. 2007, Hernandez Leal et al. 2011), Germany (Elmitwalli
and Otterpohl 2007), Sweden (Palmquist and Haneeus 2005) (Table 3). A high
level of consistency in organic and nutrient loads (pollutant loads) at different
places is not to be expected given that greywater flows, and composition of
greywater is inherently variable as a result of differences in water consumption,
household activities, etc. (Eriksson 2002). The greywater production at Kaja is
estimated to be more than 120 L p''d" (Todt et al. 2015) and hence resulted in low
COD and nutrient concentration (Table 3). On the contrary, the high COD and
nutrient concentration of greywater in The Netherlands may be due to the lower
greywater production, i.e. 60-70 L p~! d~! (Hernandez Leal et al. 2007). The P load
per capita (0.15-0.2 g p ' d™') for our greywater is much lower than the P load
reported in the literature which ranged from 0.4 to 0.6 g p~* d-! (Vinneras et al.
2006, Meinzinger and Oldenburg 2009). The low P concentration from Kaja
student dormitory may have been resulted from higher water consumption, but
the low P load is most likely a result of the absence of P-containing dishwashing

detergents (Todt et al. 2015).
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Table 3. Concentrations of COD, BOD, total N and total P in greywater for

greywater in this study compared to other places.

Parameters  This A previous The Sweden  Germany
study study on this Netherlands © @

greywater @  (Sneek)®

CODtmg/L  249-309 250 - 300 724 588 640
BODs mg/L 138 140 - 160

TotNmg/L 12-178 16-19 26.3 9.7 27.8
TotPmg/L 1.15-15 1.3-1.6 7.2 7.5 9.8

@ (Todt et al. 2015), ®(Hernandez Leal et al. 2011), ©(Palmquist and Haneeus 2005), and @
(Elmitwalli and Otterpohl 2007)

The concentrations of total coliform bacteria (TCB) and E. coli in the raw
greywater were 6.7 + 0.4 and 6. 2 + 0.3 log 100 ml7, respectively. Other greywater
studies reported comparable high concentrations on TCB ranging 7.2-8.8 log 100
ml™, but lower numbers for E.coli ranging from 3.2-6.0 log 100 ml™ (Ottoson and
Stenstrom 2003). The presence of high concentrations of TCB and E. coli do not
necessarily reflect contamination from toilets. A recent study using a
concentration of coprostanol, a biomarker formed by the intestinal microflora,
showed a 3.1 log lower E. coli concentration in greywater than in combined
household wastewater (Ottoson and Stenstrom 2003). Hence, the indicator
parameters of TCB and E. coli used by this study most likely overestimated the
concentration of faecal pathogens in greywater by 3 logi (Ottosson 2003).
Moreover, a faecal sterol coprostanol and gene markers of human-related
Bacteroides analyzed in our black- and greywater showed a significantly lower
concentration in greywater, 0.02% of the concentration for coprostanol and
0.001% for Bacteroides, respectively, than in blackwater (Oliinyk et al. 2015,
Eregno et al. 2018). Furthermore, the intestinal Enterococci was about 3 logio lower
in the greywater compared to the blackwater (Eregno et al. 2018). Source-
separation of blackwater would result in a 3 logw reduction of indicator
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organisms. A majority of the detected TCB and E.coli in our greywater are not
likely faecal origin but could rather originate from the kitchen, where high
concentration up to 7.4 logw was also reported elsewhere (Naturvardsverket
1995) or due to the re-growth of particular coliform species in sewer pipes

(Manville et al. 2001).
4.1.1. On-site treatment of the source-separated greywater

Separation of the blackwater from the rest of the domestic wastewater stream
produces greywater with reduced levels of nutrients, suspended solids, and
organic matter, pathogens, and other micropollutants (pharmaceuticals and
hormones). This fraction of the domestic wastewater, which encompasses the lion
share of the total volume, can be treated with a proper treatment system to a
reusable quality. The results from Paper I revealed that separate collection of
blackwater substantially reduced the mass loads of BOD, COD, TSS, N and P in
the greywater accounting for 64%, 61%, 75%, 85 and 88%, respectively (Fig. 9).

Op ON ETSS OCOD

662

Raw Raw greywater GWTP effluent Post-treatment
wastewater effluent

Figure 9. Calculated mean concentration for the raw combined wastewater and

measured average concentration in the raw greywater, the effluent of greywater
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treatment plant (GWTP) and bottom of infiltration trench Post-treatment for COD, TSS,

N, and P in mg/L (modified from Paper I).

On the other hand, the A02-GWTP reached a removal efficiency of more than
88%, 86%, 49% and 55% for COD, TSS total P and total N, respectively. The
system provided high removal efficiency compared to the rotating biological
contactor (RBC) followed by a sedimentation chamber and sand filtration which
resulted in 75 % to 78% removal of total COD (Friedler and Galil 2003, Friedler et
al. 2006) and a 64% and 70% COD removal efficiency obtained using a UASB
reactor (Elmitwalli and Otterpohl 2007, Hernandez Leal et al. 2011). The RBC and
subsequent sedimentation and sand filtration gave, however, a better BOD
removal (96%) (Friedler et al. 2006). The results from this system were also
comparable with the aerobic treatment using a sequential batch reactor (SBR) and
the combined anaerobic-aerobic treatment (using UASB SBR in a sequence)
which showed a COD removal of 90 and 89%, respectively (Herndndez Leal et al.
2010). Together with a separate collection of BW a total removal efficiency of 93%,
95%, 96%, and 94% was achieved for BOD, total COD, TSS, and P, respectively.

Moreover, the impact of overloading on the removal efficiency of the system was
evaluated by comparing periods with 100% nominal loadings with periods of
150% loading. Overloading with 150% of the nominal loading did not show a
significant difference on the removal of TSS and total P tot (p > 0.05) while, a
significantly lower (p < 0.001) removal efficiency was observed for organic
matter. Regardless of the reduced organic matter removal, the filter achieved an
average removal efficiency of 70% for both BOD and COD during the 150%
loading periods, which proves the high stability of the fixed-film biofilter systems
(Fig. 10).
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Figure 10. Removal efficiency of greywater treatment plant for TSS, BOD, total COD
(COD), filtrated COD (CODf) and total phosphorus (P) at 100% and 150% nominal load
(25;50:75 per cent quartiles in the box plots with 95% quartiles in the error bars; average

is indicated in the point plot) (From Paper I).

The effluent from the studied GWTP had a BOD of about 14-23 mg/L, COD 55
mg/L, TSS of 13 mg/L, Tot-P of 0.57 mg/L and Tot-N of about 5-10 mg/L. The
effluent quality complies with the Norwegian discharge limit, which sets
maximum permissible limits of 1 mg L of P and 25 mg L of BOD (Heistad et al.
2006). The effluent also fulfils the discharge requirements of the European Union
Directives (EC 2018) and in most parameters for restricted use according to the
WHO Guidelines for the safe use of greywater (Mara and Kramer 2008).
However, the removal efficiency of indicator microorganisms was not
satisfactory for unrestricted reuse according to the WHO guideline (WHO 2006)
or to discharge to sensitive recipients. Only a 1 to 2 log reduction of E. coli was
observed, which is in line with the findings with rotating biological contactor
followed by sand filtration (Friedler and Galil 2003). Potentially high pathogens
concentrations in the greywater may pose increased health risks. Although the

present Norwegian regulations do not define discharge limits for indicator
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organisms, the risks of faecal contamination are prominent and should not be
overlooked (Stenstrom 2013). Therefore, the treatment system should be followed

by a post-treatment step including UV disinfection.
4.1.2. On-site post-treatment of treated greywater

The choice of a post-treatment depends strongly on the characteristics of treated
effluent mainly pathogens, on local standards set by authorities for reuse of
treated effluent or discharge into the environment. For sensitive recipients that
are close to drinking water sources as well as unrestricted reuse applications,
multiple barrier systems including a post-treatment in an infiltration trench or

other filtration units may be needed to minimize the health-related risks.

The post-treatment infiltration step in this study raised the total coliform and E.
coli removal efficiency of the system up to 4.8 and 4.7 logiw reductions,
respectively (Paper I). Similarly, the results from Paper II indicate that the
process of polishing using biochar, filtralite and unfilled considerably improved
the effluent quality of the system. Biochar performed best in removing residual
organic matter, total N, turbidity and odour. Filtralite was superior in removing
P. The contribution of the polishing step in removing TCB and E. coli was
remarkable. Biochar and Filtralite polishing filters contributed to raising the
removal efficiency of the A02-GWT system from 1.49 logio TCB up to 3.75 logio
and from 1.51 loguo to 4.21 loguw for E coli (Paper II). The final effluent of the
greywater treatment train in Paper I showed a TSS of <2 mg L, and total P < 0.1
mg P L, BOD <2 mg O:L? and E. coli <5 MPN/100 ml. These values are
comparable with the results obtained from greywater treatment using a
submerged membrane bioreactor (Fountoulakis et al. 2016) and fulfil the US
standard (NSF/ANSI 350-2012) (NSF/ANSI 2011) and Australian greywater reuse
guideline (Environmental-Health-Directorate 2011). By integrating the polished
effluent from biochar with UV, safe water for local unrestricted reuse, which can

satisfy the WHO guideline (WHO 2006), can be produced.
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4.2, Treatment of source-separated blackwater in a hybrid upflow sludge

blanket anaerobic baffled reactor (USBABR) (Paper III)

This part of the study gives an insight into the performance of a new prototype
upflow sludge blanket anaerobic baffled reactor (USBABR) as an integrated
treatment system for source-separated blackwater (Paper III). The treatment
concept is using the same principles as an upflow anaerobic sludge blanket
(UASB) (Lettinga et al. 1980, Lettinga and Hulshoff Pol 1991, Zeeman et al. 2001,
de Graaff et al. 2010a). Like the UASB reactor, this sludge blanket anaerobic
baffled reactor uses upflow velocity for mass transfer, for influent-sludge contact
and for releasing trapped gas. However, it differs from standard UASB by
integrating two upflow zones in series, next to each other to obtain a low total
height, as an anaerobic baffled reactor (ABR) arrangement. A solid-liquid
separator included in each of the two ABR chambers with a similar purpose as
the gas-solid-liquid (GSL) separator in the standard UASB configurations. In the
USBABR tested, gas and liquid left the reactor in the same pipe, so a final

separation took place outside the reactor.

The USBABR design intended to reduce the need for a larger height to diameter
ratio while also retaining and degrading particles from the particle-rich feed at
OLR and SRT similar to that of the UASB. It is an aim of the present study to
evaluate if this can be achieved. The evaluation is carried out in a setting where
the USBABR is preceded by a buffer tank that can serve as a pre-hydrolysis step
and minimize the start-up period. The USBABR design is such that it does not

require mechanical stirring except for that obtained by the feed pump.

The study evaluated effects of load and feed pulses on the performance of the
reactor in terms of initial adaptation, stability, effluent quality, the removal
efficiency of organic and suspended particulate matter, biogas production and
methane yield. The operational conditions of the sludge blanket ABR and the
performances in terms of COD removal and biogas production are indicated in
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table 3 in comparison with the operational characteristics and performances of

UASB, UASB-septic tank and CSTR. The removal efficiencies in terms of COD

(78% tor CODt and 89-91% for CODss) are quite comparable to the results

obtained with that of the UASB reactor (de Graaff et al. 2010a, Cunha et al. 2018b,

Zeeman et al. 2008) and UASB-septic tank (Kujawa-Roeleveld et al. 2005) and

higher than CSTR (Wendland et al. 2007).

Table 4. Comparison of the operational conditions and performance of USBABR

with the existing, proven technologies.

Parameter This study  (de (Zeema (Kujawa- (Wendla
USBABR Graaff n et al. Roelevel nd et al
et al. 2008), d et al. 2007)
RI RII'  2010a) Sneek  2006) CSTR
UASB UASB  UASBsr
Reactor volume (L) 164 157 50 50 140 200
Flow rate Q (L/d) 6 6 5.57 6 7 7
Upflow velocity (m/h) 1.5t 0.7%  0.76
HRT (d) 28 238 8.7 8.3 29 20
OLR (g COD/L.d) 23 1.6 1 14 0.42 0.45
Start-up period (d) 120 90 200 90
SRT (d) VSS(cop) 132 131 254 180 >365 20
Temerature (°C) 28 28 20 25 20 20
CODt R.Eff (%) 78 80 78 78 78 61
CODss R.Eff (%) 89 91 93 87 94 59
CODf R.Eff (%) 66 66
Methanization % 69 73 54 60 60
CH4 (L/cap/d) 6-13 7 10 14 81 10

flasts only for 12 and 24 seconds per pulse with 90 min long pulse intervals. USBABR (upflow sludge

blanket anaerobic baffled reactor, UASB (upflow anaerobic sludge blanket), UASBsr (upflow anaerobic

sludge blanket septic tank), and CSTR (continuously stirred tank reactor)
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The HRT used in this USBABR is about three times shorter than the standard
UASB reactor. Moreover, the applied volumetric loading rate in the sludge
blanket ABR (1.6-2.3 kg COD/m3/d) is higher than the UASB reactor (1.0 kg
COD/m3/d) (de Graaff et al. 2010a), and much higher than applied in the UASB-
septic tank (0.42 kg COD/m3/d) (Kujawa-Roeleveld et al. 2005) and CSTR (0.45
kg COD/m3/d) (Wendland et al. 2007). The USBABR has a smaller footprint
requiring only 16 L volume reactor per person compared to the 50 L in a UASB
reactor, 140 L CSTR and 200 L in UASB-septic tank reactor. The reactor
configuration also allowed efficient solid-liquid separation and sufficient sludge

retention.
4.2.1. Estimation of solid retention time in the USBABR

Solid retention time (SRT) is the key parameter affecting biochemical and
physical properties of sludge and ultimately determining the amount of
hydrolysis and methanogenesis in a UASB system at certain temperature
conditions (Halalsheh et al. 2005). Previous studies have shown that the
minimum SRT to achieve methanization and stabilization of the sludge is
estimated to be 75 days at 25 °C (Zeeman and Lettinga 1999, Halalsheh et al. 2005).
The SRT in this study was estimated based on the assessment of the sludge profile
taken 204 days after the reactors started or 126 days after the end of startup period

using the following equation (de Graaff et al. 2010a).

SRT = Sludgereactor 1
(Sludgewastea+ Sludgewasnedout)

Where Sludgereacior is the amount of solids in the