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Abstract
There are an abundance of environmental problems in the world today, some of which can be traced
back to a lack of proper sewage treatment. Human toilet waste, also called blackwater, is discharged
untreated into the environment where it can contaminate water bodies, including drinking water sources.
However, blackwater is an excellent source of plant available nutrients, and can be used as a fertilizer
after proper treatment. The risks involved in the reuse of blackwater include pathogenic microorganisms,
heavy metals, and pharmaceutical substances. This study however focuses only on the inactivation of
pathogenic microorganisms during blackwater treatment. The aim of this study was to optimize a current
blackwater treatment method at a plant in Hölö, Sweden, and confirm that the treated blackwater reached
the required microbial reductions based on SPCR 178 (SP, 2012). The current method treats 30 m3 of
blackwater within 2 weeks through an increase of the materials temperature to 40°C and then the addition of 0.5% urea, based on the wet weight. The method in this study treats 160 m3 with a similar treatment procedure, but rather than heating all of the treated blackwater only one third (60 m3) was heated
to 40°C and then mixed with the other two thirds (100 m3) which remain at ambient temperature. After
the blackwater was mixed, 1% urea (based on the wet weight) was stirred in to ensure an even distribution, after which the treatment lasted 21 days. The study was performed twice (set 1 and set 2), with
samples being taken six times per set. Samples were analyzed for physiochemical properties (temperature, pH, total nitrogen and ammonia concentrations) and microorganisms (Ascaris suum eggs, Enterococcus spp., Salmonella spp., thermo tolerant coliform bacteria/E.coli, f-RNA bacteriophages, and somatic coliphages). The temperature, after the heated blackwater was mixed in with the blackwater at
ambient temperature, started at approximately 17°C and then decreased to around 11°C by day 21. After
the addition of 1% urea, the total-Nitrogen concentration rapidly increased and then remained constant.
The pH increased during the first week and then reached a steady state. The total ammonia Nitrogen
(TAN) also increased over the 21 days, appearing to reach a somewhat steady state in the last week.
Salmonella spp. reached the required inactivation (absent in 25 g of sample based on the wet weight) by
days 4 and 2 in sets 1 and 2 respectively. TtC/E.coli reached below the detection limit (1 CFU ml-1) by
day 7 in both sets, which is below the <1000 CFU g-1 (TS) required for the certification. The only microorganism which didn’t reach its required end-product concentration (<1000 CFU g-1 [TS]) by day 21
was Enterococcus spp. Further studies using a combination of different amounts of heated and unheated
blackwater in addition to different urea doses are needed to find the ideal treatment of the blackwater,
where the required sanitization goals are met using the most cost efficient parameters.
Keywords: ammonia, Ascaris, blackwater, Enterococci, f-RNA bacteriophage, low temperature, Salmonella, somatic coliphage, thermo tolerant coliform bacteria/E.coli, urea

Popular science summary
It was estimated that in 2010 around 1.5 billion people still discharged their untreated blackwater, which
is exclusively wastewater that’s flushed down the toilet (human excreta), into the environment (Baum
et al., 2013), where it can cause a major health risk. Blackwater can spread pathogenic viruses (e.g.,
norovirus and enteroviruses), bacteria (e.g., Vibrio cholera, Salmonella spp.) and parasites (e.g. Ascaris
spp.) into water bodies and drinking water sources, from where they can be ingested by people and
animals and cause individuals to become sick and the potential for diseases to spread. To avoid infection
and the spreading of diseases, blackwater needs to be properly treated before it is released into the environment. Blackwater is an excellent source of plant available nutrients, which means that if it is
properly sanitized it can be used as a fertilizer in agricultural production. Simple treatment methods
include using urea, which is already used as a fertilizer and would increase the value of the blackwater
as a fertilizer, and heat.
At the blackwater treatment plant in Hölö, Sweden, where this study was performed, the current
method for treating blackwater is to heat it up to 40°C for one week, then add 0.5% urea (which degrades
into the disinfectant ammonia), and let it sit and sanitize for an additional week. After treatment the
sanitized blackwater is stored until it is needed as a fertilizer in agricultural productions. The goal of
this study was to optimize the current treatment method of the blackwater. Rather than heating all of the
blackwater up to 40°C only about one third was heated while the other two thirds remained at ambient
temperature. The heated and unheated blackwater were then mixed, received a 1% dose of urea, and
then stored for 21 days during which sanitization took place. To ascertain that the treatment was working
properly, samples were taken on 6 of the 21 days. These samples were analyzed for temperature, pH,
total Nitrogen concentration, and ammonia concentration, in addition to pathogenic and indicator microorganisms which need to reach specified limits based on the current plant certification criteria (SP,
2012).
The results showed that over the 21 day period the temperature decreased by 6°C to settle at around
11°C, while the pH and total Nitrogen concentration increased until they reached a steady state after the
first week. The ammonia concentration also increased over the 21 days, appearing to reach a steady state
in the last week. Under the current plant certification criteria (SPCR 178), only one of the microorganisms did not reach its required reduction limit; by day 21 the concentration of Enterococcus spp. was
still far above the <1000 per gram of dry material. Salmonella spp. and E.coli on the other hand had
reached their reduction limits by the end of the first week (day 7). Further studies will need to be performed on the use of different doses and mixtures of heated and unheated blackwater, to ensure that the
necessary Enterococcus spp. reduction will also be met.
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1

Introduction

Worldwide there are many environmental and social inequality problems which have been addressed
through proposals like the Millennium Development Goals (MDG) by the United Nations. A point that
has been addressed by MDG, to ensure environmental sustainability, is an increase in the availability of
safe drinking water and basic sanitation (UN, 2013). In 2010 it was estimated that around 1.5 billion
people still discharged their sewage into the environment untreated (Baum et al., 2013). The absence of
a sanitation infrastructure with which to treat waste and sewage leads to water pollution, creating an
inadequate drinking water source and a health concern for local populations due in part to transmissible
pathogens (Langergraber & Muellegger, 2005).
In more developed countries, wastewater, as well as fertilizers and animal manure, cause more problems related to environmental nitrogen and phosphorus pollution, rather than as sources of microbial
health hazard (USEPA). However, the effluent wastewater that’s released into the environment does not
meet drinking water standards; it still has the potential to cause pathogenic outbreaks (Naidoo &
Olaniran, 2014). When treated wastewater enters waterways ecosystems can be disturbed or damaged
due to excess algae growth from eutrophication (Vinnerås, 2002; USEPA). If large algal blooms occur,
in addition to many aquatic animals dying, elevated toxin and bacterial growths in the water can make
humans sick via contact with or consumption of the water or contaminated aquatic animals (USEPA).
Wastewater, and especially human excreta, are considered exactly that – waste – and not as the potential agricultural resource they could be after proper sanitization (Langergraber & Muellegger, 2005).
Fecal sludge, for example, has all macro- and micro-nutrients needed by plants to grow, reducing or
possibly eliminating the use of commercial fertilizers (WHO, 2006; Jönsson et al., 2005). Additionally,
it is also an excellent soil conditioner due to its organic matter (WHO, 2006). Part of the reason for the
negative association with wastewater and other sewage derived products are the potential risks involved;
transmissible diseases to humans and animals through food and water (Mankad & Tapsuwan, 2011;
Massoud et al., 2009). Wastewater, since it includes industrial waste, may also contain high levels of
heavy metals and chemical contaminants even after treatment, making it less desirable as a fertilizer
(Oghenerobor Benjamin Akpor, 2014; Templeton et al., 2009).
Using blackwater would be a way to avoid any potential industrial contamination, while still reaping
the benefits of human excreta. Blackwater is defined by the United States Environmental Protection
Agency (USEPA) as “liquid and solid human body waste and the carriage water generated through toilet
usage” (USEPA). While blackwater only makes up approximately 1-2% of all domestic wastewater, it
contains the majority of nitrogen (more than 95%) and phosphorus (about 90%) that is found in domestic
wastewater, in addition to other plant nutrients (Alp, 2010). Similar to wastewater, when in excess, these
nutrients can however cause environmental problems.
7

In Sweden excess nitrogen and phosphorus has led to high deposits in the Baltic Sea, and even though
Sweden has already reduced its output, further reductions are still needed to allow the Baltic Sea to
recover (SwedishEPA, 2009). The suggested reduction goals originate from 15 environmental quality
objectives defined by Sweden in 2000 in a report titled “The future environment – our common responsibility.” In an effort to reduce the phosphorus and nitrogen concentrations in the environment, excluding
agricultural land, and to create a closed system, reuse goals have been established. The report initially
proposed that by 2010, 75% of the phosphorus from waste and wastewater should be recycled to arable
or productive land without harming human health or the environment (Hultman et al., 2003). However,
this 75% was not reached, so the proposal was changed to recycling 60% of the phosphorus in
wastewater by 2015 (Jönsson, pers). Again, this goal needed to be adjusted, with the latest proposal now
suggesting that by 2018, 40% of the phosphorus and 10% of the nitrogen in wastewater should be recovered to arable land (Jönsson, pers). In Sweden, companies such as the blackwater treatment plant in
Södertälje (Hölö) are striving to help meet this goal by using properly treated blackwater as a fertilizer.
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2

Aim

The aim of this thesis was to test, on a full scale, an alternative combination of heating and ammonia
treatment as a complement to the current blackwater ammonia treatment, to optimize the capacity of a
wet compost plant in Hölö, Sweden. The sanitizing efficiency of the alternative treatment was evaluated
by analyzing pathogenic and indicator organisms, specifically Salmonella spp., total thermotolerant coliforms (TtC) and E.coli, Enterococcus spp., f-RNA bacteriophages and somatic coliphages, and Ascaris
suum eggs. The physiochemical factors, TAN, N-tot, temperature, TS, and pH, which were assumed to
cause the reduction and inactivation of the microorganisms were also examined over the 21 day study
period. The hypotheses tested were:
1. The addition of 1% urea will cause an increase in the total-Nitrogen, TAN, and un-ionized ammonia concentrations, resulting in a reduction of the studied microorganisms.
2. The mixture of heated and ambient temperature blackwater will result in a temperature high
enough to, in combination with ammonia, cause significant inactivation of the studied microorganisms.
3. The end concentration of the studied microorganisms after the 21 day study period will be in
accordance with the SPCR 178 certification criteria.

9

3

Background

Potential pathogens
Blackwater consists of human excreta which is flushed down the toilet, i.e. urine, feces, toilet paper, and
varying amounts of flushwater. Pathogenic microorganisms, bacteria, viruses, and parasites, found in
human excreta and thus in blackwater, pose a threat of transmissible diseases to animals and humans if
released into the environment (Fidjeland et al., 2015b; Fidjeland et al., 2013b; Emmoth et al., 2011).
Infection can occur through many different routes, some of which are illustrated in Figure 1.

Figure 1. The possible routes of transmission for pathogenic organisms found in untreated blackwater and how sanitizing treatment creates a barrier for subsequent transmission (red line).
Microorganisms can be transmitted from improperly sanitized blackwater to water bodies, directly to
humans who come in contact with it, to vector animals such as flies or pets, and to fields where it serves
as a fertilizer. Treating blackwater properly before it is released into water bodies or spread on fields
will cut off those routes of transmission. Additionally, the potential health risk through direct contact by
humans or through vector animals is reduced due to the inactivation of pathogens during treatment. Since
the initial routes of transmission to water, humans, vectors, and fields can be cut off through proper
treatment performed under safe and controlled management practices, then any further routes of transmission, either directly infecting individuals or infection through the consumption of food will also be
cut off.
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To assure that the sanitization of the blackwater is adequate, pathogen and indicator organism inactivation must be observed. The pathogen and indicator organisms analyzed in this thesis are Salmonella
spp., total thermotolerant coliforms (TtC) and E.coli, Enterococcus spp., f-RNA bacteriophages and
somatic coliphages, and Ascaris suum.
Salmonella spp.
According to WHO, salmonellosis, the disease caused by strains of the bacteria salmonella, is one of the
most frequent and widely distributed foodborne diseases worldwide causing tens of millions of humans
to get sick each year (WHO, 2013). The two serotypes of Salmonella enterica that are responsible for
human illness are Enteritidis and Typhimirium (WHO, 2013; PHAC, 2010b). Symptoms include those
common to gastroenteritis; fever, abdominal pain, diarrhea, nausea, and vomiting, which can cause dehydration (WHO, 2013). This can be life-threatening for young and old people along with immunecompromised individuals (WHO, 2013). Salmonella spp. bacteria are quite resilient, they can survive
for several months in water and several weeks in drier environments (WHO, 2013). Additionally, they
can be transmitted by all pathways depicted in Figure 1 on page 23 above and by many vector animals,
including cattle, swine, poultry, wildlife, birds, pets, and flies (WHO, 2013; PHAC, 2010b). The amount
of bacteria needed to get sick, i.e. the infectious dose, varies with the different salmonella serotypes, it
can range from 103 to 105 bacteria (PHAC, 2010b).
Due to its high transmissibility, regulations usually require the inactivation of Salmonella spp. to certain limits (Table 1). Studies on the ammonia sanitization of human excreta at a variety of different
temperatures have shown positive results with regards to Salmonella spp. inactivation. Compared to
other bacteria, such as Enterococcus spp., it is usually more sensitive and thus more quickly inactivated
(Fidjeland et al., 2013a; Fidjeland et al., 2013b; Nordin et al., 2009b). Depending on the temperature
and urea and subsequent ammonia concentration used, the inactivation of Salmonella spp. can occur
within a matter of days to weeks (Fidjeland et al., 2013a; Fidjeland et al., 2013b; Nordin et al., 2009b).
Thermotolerant coliform bacteria and E.coli
Thermotolerant coliform bacteria (TtC) refers to members within the Enterobacteriace family who are
able to grow at 44-45°C and contain the enzyme β-galactosidase (Hachich et al., 2012; WHO, 2004).
Since they are commonly found in the fecal matter of warm-blooded animals, they can be used as indicators of fecal contamination and thus the sanitary quality (Hachich et al., 2012). This is commonly
done to ascertain the quality of water (Hachich et al., 2012). Since thermotolerant coliform bacteria can
both survive and grow in water, they shouldn’t be used to indicate the amount of fecal pathogens present,
but rather indicate the effectiveness of treating fecal contaminated water (WHO, 2004).
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A very common thermotolerant coliform bacteria, found almost exclusively in human and mammal
fecal matter, is Escherichia coli (E. coli) (Hachich et al., 2012; WHO, 2004). This specificity makes it
an excellent indicator of contamination from feces and how well sanitization methods have worked
(WHO, 2004). Many strains of E. coli are harmless, however, there are several strains which can cause
illness in humans, examples of which are enterohemorrhagic, enteroinvasive, enteropathogenic, and enterotoxigenic E. coli, all of which can cause diarrhea (watery and/or bloody), fever, and abdominal
cramps, in addition to symptoms individual to each type (PHAC, 2011b; PHAC, 2011c; PHAC, 2011d;
WHO, 2011; PHAC, 2001). Usually the E. coli infection isn’t life threatening; however, if symptoms
gets worse, it can become deadly, especially in the elderly, young, and immune-compromised (PHAC,
2011b; PHAC, 2011c; PHAC, 2011d; WHO, 2011; PHAC, 2001). However, E. coli is quite sensitive to
disinfection methods, more so than other thermotolerant coliforms, enteric viruses, and parasites
(Fidjeland et al., 2015b; WHO, 2004).
Enterococcus spp.
Enterococcus spp. is popular as an indicator of fecal contamination, with the most common strains being
Enterococcus faecalis, Enterococcus faecium, Enterococcus durans, and Enterococcus hirae (Ashbolt
et al., 2001). Of these mainly E. faecalis, and less often E. faecium, can be found in the human intestinal
tract, from where they get excreted through feces (PHAC, 2010a). These two strains of Enterococcus
are considered to be opportunistic pathogens who mainly affect the elderly and immune-compromised
people, causing urinary tract infections, wound infections, soft tissue infections, and bacteremia, especially in hospital settings (PHAC, 2010a). The route of transmission can occur from consumption of
contaminated food, person-to-person, or contact with animals (zoonosis) (PHAC, 2010a).
When comparing the inactivation time of Enterococcus spp. by ammonia sanitization to that of other
pathogens (Salmonella spp.) and other fecal indicator bacteria (E. coli), they were found to be far more
persistent (Fidjeland et al., 2013a; Fidjeland et al., 2013b; Magri et al., 2013; APHA, 2001). It has even
been observed that some enterococci strains, namely Enterococcus faecium and Enterococcus gallinarum, were able to grow at significant ammonia concentrations, temperatures (up to 47.8°C), and pH
ranges (up to 9.9) which would effectively inactivate salmonella and E. coli as well as other enterococci
strains (Enterococcus faecium and Enterococcus faecalis) (Son ThiThanh et al., 2011; Berghe et al.,
2006).
Bacteriophages
Somatic coliphages and f-RNA bacteriophages can be used as model organisms for enteric viruses as
well as indicators of fecal contamination (Vinnerås et al., 2008; Ibarluzea et al., 2007; Rhodes & Kator,
1991). Some examples of enteric viruses are poliovirus, hepatitis A virus, reovirus, and Norwalk-type
12

virus, all of which can be found in water; when ingested they can cause sicknesses such as hepatitis and
gastroenteritis (Ibarluzea et al., 2007). Enteric viruses are often more resilient than the bacterial indicators such as E. coli and Enterococcus spp. (Ibarluzea et al., 2007).
Experiments have shown ammonia sanitization is efficient at inactivating single-stranded RNA viruses, either enveloped or naked (Emmoth et al., 2011; Cramer et al., 1983). Additionally, somatic
coliphages have been found to be more resistant than f-RNA bacteriophages (Ibarluzea et al., 2007).
Ascaris suum eggs
Ascaris suum is a parasitic nematode, helminth, which is often used as a model for Ascaris lumbricoides
(Nordin et al., 2009b). Ascaris suum is commonly found in pigs, but can also infect humans (PHAC,
2011a). Ascaris lumbricoides is extremely prevalent worldwide, approximately 1.2 billion people are
infected with it (PHAC, 2011a). Releasing untreated fecal material into the environment also releases
the Ascaris eggs in it. The primary mode of transmission is through the ingestion of mature helminth
eggs which can be found in fecal-contaminated food and water (PHAC, 2011a). Infections most often
occur in children, while not necessarily fatal it can reduce nutrient uptake and cause developmental
problems (Kawatra et al., 2010).
Ascaris eggs are often treated by using a high temperature, high pH, or a mixture of the two (Nordin
et al., 2009b). Studies have found that ammonia can also be used to inactivate Ascaris eggs (Nordin et
al., 2009b; Pecson & Nelson, 2005). However, when comparing the inactivation of Ascaris suum eggs
to the inactivation of other pathogens, they have usually shown themselves to be more resistant, even
when treated with ammonia (Fidjeland et al., 2015b; Fidjeland et al., 2013b; Capizzi-Banas et al., 2004).

Framework and policies
In order to regulate that the human excreta can be safely used in agricultural practices, many countries
have regulations or are in the process of turning proposals into regulations, which limit certain indicator
organisms, pathogens, and parasites. If these parameters are met then human excreta is considered safe
for application (Table 1). While the plant is currently certified under SPCR 178, which coincides with
the SEPA 2010 proposal with regards to end concentrations. A more recent proposal, SEPA 2013, has
been made which will change the plant criteria for the treated end-product. The Ascaris and virus parameters proposed by SEPA 2013 are the similar as the European animal by-product (ABP) regulation.
SEPA 2013 is aiming at being in accordance with ABP, since ABP regulates the sanitization of animal
manure. However, the SEPA 2013 proposal does not include any regulations for enterococci, likely due
to its stability and variability in the environment which makes it an unreliable indicator of fecal contamination. Rather, SEPA 2013 relies on E. coli to act as a fecal indicator. Lastly the criteria for Salmonella
13

was also adjusted to a level that complies with the European standard for the use of bio-waste in agriculture (BioAbfV, 1998).
Table 1. A brief overview of a USA and a European regulation and two proposals by the Swedish Environmental Protection Agency for the sanitation of human excreta and animal manure (ABP 2011)
E. coli/fecal
coliformsc
Virusd
Ascarisa
Enterococcusb
Salmonellae
US EPA Regulation, Class A
(USEPA, 2003)

0 per 4 g TS

NA

<1000 mpn
per g TS

<1 per 4 g
TS

ABP Regulation
(EU, 2011)

3 log10 red.

5 log10 red.

NA

3 log10 red. 5 log10 red.

SEPA 2010
(SwedishEPA,
2010)

NA

<1000 g TS

<1000 per g
TS

NA

absent in 25 g
(ww)

SEPA 2013
(SwedishEPA,
2013)

3 log10 red.

NA

5 log 10
red. or <100
per g (ww)

3 log10 red.

absent in 50g
(ww)

a)
b)
c)
d)
e)

<3 mpn per 4 g
TS

For US EPA 2003 specified ‘viable eggs’ ; for SEPA 2013 term ‘parasites’ is used
For ABP 2011 species defined to Enterococcus faecalis
For US EPA 2003 regulation defined to fecal coliforms
For US EPA 2003 defined to phages; for ABP 2011 species defined to thermo resistant viruses (parvovirus)
For ABP 2011 species defined to Salmonella senftenberg

For a substantial or even total inactivation of viruses, bacteria, and parasites, WHO guidelines (2006)
recommend storing fecal sludge more than one year if the ambient temperature is 20-35°C. If the ambient
temperature is between 2-20°C however, a storage time of 1.5 to 2 years is recommended to eliminate
bacterial pathogens and reduce viruses and parasites to below the risk level (WHO, 2006). However,
simply storing material can result in variations among the final products of different treatment sets since
this treatment method is so dependent on numerous uncontrolled factors. This is different to treatment
methods where factors and parameters can be controlled. Based on results of studies where parameters
are controlled, treatments can be repeated and predictions made about the sanitation level of the final
product.
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Ammonia sanitization of blackwater
There are many different treatment methods for blackwater to reach the end quality defined by the mentioned regulations, including heating, liming, anaerobic digestion, composting, and ammonia sanitization. Of these methods, this thesis focuses on a combination of temperature and ammonia sanitization to
reduce pathogenic bacteria, viruses, and parasites in blackwater to levels which make it safe for use as
a fertilizer.
Background chemistry
The basic idea behind treating blackwater with ammonia is that the un-ionized ammonia will allow for
sanitization (Anderson et al., 2015; Fidjeland et al., 2015b). The ammonia treatment of blackwater can
be performed through the addition of urea, which will be converted to ammonia and carbonate when
hydrolyzed by the enzyme urease.
𝐶𝐻4 𝑁2 𝑂 + 𝐻2 𝑂 →

𝑢𝑟𝑒𝑎𝑠𝑒

2𝑁𝐻3 + 𝐶𝑂2

Blackwater has intrinsic ammonia provided by urine, as well as the urease enzyme which is naturally
occurring in feces. Temperature and pH play an important role for the presence of ammonia in its unionized form (NH3), which increases with increased pH and temperature (Fidjeland et al., 2015a;
Emmoth et al., 2011; Emerson et al., 1975). The storage time needed to sanitize the blackwater depends
mainly on the concentration of un-ionized ammonia and the temperature of the material (Nordin, 2010).
A theory, which is supported by studies, to explain the mechanism behind ammonia inactivation of
viruses is that the viral RNA is cleaved into particles, with single-stranded RNA viruses being more
easily inactivated than double-stranded ones (Decrey, 2015; Emmoth et al., 2011; Burge et al., 1983;
Ward, 1978). In bacteria, cell alkalization, which is when ammonia enters the cell and forces the bacterium to donate protons to maintain its optimum internal pH, eventually causes cell death (Anderson et
al., 2015).
Process description
The current handling method of blackwater at the treatment plant in Hölö (Södertälje), Sweden (Figure
2) is as follows (Telgekoncernen, 2014). Household blackwater, currently supplied mainly by ordinary
flush toilets, is collected from sealed septic tanks, which are then emptied by trucks and transported to
the treatment plant. Here the blackwater is pumped into the receiving wells (2 units), which can hold
200 m3 of blackwater each; the escaping air is sent through bio filters to reduce odors, equalize pressure,
and catch any escaping ammonia (Hallgren et al., 2012). From the receiving wells the blackwater is
pumped into one or both of the available bio-reactors, which can hold up to 32 m3 of blackwater each.
15

B
A

Recieving/
Treatment
Well

D

B
C

C
E

A

Recieving/
Treatment
Well

D

Figure 2. Depiction of the blackwater flow through the treatment plant, the water gets delivered and pumped into the treatment well (A), after which 30m 3 are pumped into each
reactor (B) where the blackwater is heated to between 40-45°C (C) and then pumped back into the treatment well and mixed with 100m3 of ambient temperature blackwater and
1% urea (ww) (D), after treatment the blackwater is pumped into the final storage well (E) (not drawn to scale)
(Illustration: Prithvi Simha; https://commons.wikimedia.org/wiki/File:Sinnbild_LKW.svg)
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In the reactor an agitator is started in order to stir the blackwater, while air is pumped in through the
bottom of the reactor and whipped until sufficiently sized bubbles are created. This ensures that oxygen
and thus heat, due to aerobic digestion by microorganisms, are spread evenly throughout the blackwater.
Any escaping air is pumped back into the receiving wells where it can exit via the bio filters. After seven
days the temperature in the reactor reaches around 40°C and contagious agents (i.e. salmonella, Escherichia coli, enterobacteria) have been reduced by approximately 40%. To have an active flora some of
the already composted blackwater is used as an inoculant for the next batch of untreated blackwater.
After the heating to 40°C, 0.5% urea, based on the wet weight (ww), is added to the blackwater in the
reactor. After seven additional days, all contagious agents have been removed to below the detection
limit. The blackwater is then pumped into a final storage tank which can hold up to 1500 m 3. It will
remain in the tank until it is spread onto arable land, around 85-100m3 (30-35 tons) will be used per
hectare (Nordin & Calo, pers). In total, the current sanitization of the blackwater requires 14 days to
treat 32 m3.
In this study, ways to utilize another combination of heat and urea was investigated with the aim of
optimizing the treatment capacity of the plant. In the studied process, blackwater will still be brought to
the treatment facility and first pumped into a receiving well. However, both of the bio reactors will then
be filled with 30 m3 each, while 100 m3 remain in the receiving well at ambient temperature. The 60 m3
in the reactors will then be aerated and heated to between 40°C to 45°C, which takes approximately ten
days. These 60 m3 are then pumped back into the receiving well (Figure 2, D) where it is mixed with
the untreated blackwater and 1% urea, based on total wet weight. The content in the receiving well is
then thoroughly mixed and left alone for 21 days. The evaluation of this alternate treatment regarding
its sanitizing capacity is the topic for this master thesis.

A
1.6
meters

B

3.2
meters

C
Figure 3. Close up of the well where the blackwater treatment took place and the three sampling heights;
0 meters (A), 1.6 meters (B), and 3.2 meters (C) (Illustration: Prithvi Simha)
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The plant has certified its end product with the current handling according to SPCR 178, which is a
voluntary certification which focuses on the end product of source separating sanitation systems (SP,
2012). The criteria set by SPCR 178, in relation to hygiene, which are listed in Table 2 shall be met.
Additionally, to meet certification criteria, the plant has a control program in place to make guidelines
for management. Checking the pH and temperature of the blackwater at regular intervals ensures that
treatment is being performed properly and that the blackwater will have proper sanitization.
Table 2. The limitations required by SPCR 178 (SP, 2012; SwedishEPA, 2010)
Criteria
Enterococcus spp.

Limitation
<1000 per g TS

Salmonella spp.

Absent in 25 g (ww)

Escherichia coli

<1000 per g TS

Optimization and cost
Currently the plant treats about 1400 tons or 4000 m3 of blackwater annually, which is enough to fertilize
around 40 hectares of land using 30-35 tons per hectare (Nordin & Calo, pers). Using the new treatment
method, the plant will then be able to treat 160 m3 in 31 days rather than 32 m3 (or 64 m3 if both bio
reactors are being used) in 14 to 20 days.
Additionally, approximately only one third of the material will have to be heated and aerated which
could reduce overall production costs and treatment time. The energy consumption of the plant was
73119.6 kWh in 2015 using the old blackwater treatment method (Nordin & Calo, pers). Assuming the
same amount of blackwater will be handled using the new method, this energy consumption could be
reduced by around 62%, since only about one third of the blackwater is heated.
However, the amount of urea used would be doubled to 1% (ww). The urea currently used by the plant
costs approximately 5700 SEK per ton (Nordin et al., pers). When adding 0.5% urea (ww), the plant
will annually use 7 tons of urea and spend almost 40,000 SEK. With the treatment method examined in
this study, the amount used will be doubled to 14 tons and the price to almost 80,000 SEK.

Blackwater reuse
Similar to excreta from animals such as cattle, pigs, and chickens, human waste also contains essential
plant nutrients, nitrogen, phosphorus, and potassium, in plant available forms (WHO, 2006; Vinnerås,
2002). This means that human excreta has the potential to be used as a fertilizer in crop production. The
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concentration of nutrients in blackwater is dependent on the country of origin since it is directly affected
by both the amount and quality of the food consumed by the local people; an example of which can be
seen in Table 3 (WHO, 2006; Jönsson & Vinnerås, 2004). The majority of the nutrient concentrations
in Table 3 are found in the urine (WHO, 2006; Vinnerås, 2002).
Table 3. Concentration of nutrients found in blackwater from different countries (Jönsson & Vinnerås,
2004)
Excretion in kg per person per year
Country
Nitrogen
Phosphorus
Potassium
Sweden

4.6

0.5

1.4

China

4.0

0.6

1.8

India

2.7

0.4

1.5

Uganda

2.5

0.4

1.4

The high nutrient values in urine make it comparable, in its nutrient composition, to ammonium-based
and urea-based chemical fertilizers; it is similarly inefficient however when the soil is in a poor state,
for example when it has low organic matter (WHO, 2006). Therefore blackwater, which incorporates
fecal matter and urine, has the added benefit of both the additional nutrients in the feces as well as
organic matter, which can improve soil structure (WHO, 2006). According to WHO (2006), 130 million
tons of fertilizer are sold worldwide each year, 73 million tons of which are nitrogen and 13.7 million
tons of which are phosphorus, of which 63% is used by developing countries. If agricultural practices
began using human excreta as a fertilizer one third of the chemical nitrogen fertilizer and almost one
fourth of the chemical phosphorus fertilizer could be replaced by it (WHO, 2006).
While being an excellent source of plant macro- and micronutrients, blackwater also has certain risks
associated with it besides pathogenic microorganisms. Heavy metals, the concentrations of which vary
based on the diet of the local population, is one of these risks (Jönsson et al., 2004). The majority of
heavy metals excreted can be found in the feces, they include some which are essential micronutrients
needed for plant growth, copper and zinc, and non-essential metals, chromium, nickel, lead, cadmium,
and mercury (Jönsson et al., 2004; Vinnerås, 2002). The concentrations of heavy metals are generally
lower than those in chemical fertilizers and farmyard manure (WHO, 2006). Therefore, if it is not
properly treated these contaminants can be spread into and within the environment where they can cause
detrimental effects.
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Additionally, blackwater contains hormones and pharmaceutical substances, which are excreted
mainly through urine (Jönsson et al., 2004). These substances, especially estradiol, have caused problems in aquatic environments with regards to the sexual development of fish and reptiles (Jönsson et al.,
2004). However, studies have shown that when applied and mixed intro arable land, the hormones and
pharmaceutical substances found in blackwater are degraded by soil microbes, showing that it is better
to apply them on land rather than empty them directly into water systems (Jönsson et al., 2004). It is
theorized that the degradation of hormones and pharmaceuticals by soil microbes happens because hormones, which are naturally produced in the human body, and pharmaceuticals, which may be synthetically produced but still based on substances found in nature, have been excreted into the terrestrial environment during the course of evolution, allowing soil microbes to adapt and degrade them (Jönsson et
al., 2004). Additionally, manure produced from domestic animals contains far greater concentrations of
hormones than human excreta (Jönsson et al., 2004). However, microbial adaptation and eventual resistance to certain pharmaceutical substances which may be more resistant to microbial degradation still
requires further monitoring (Thiele-Bruhn, 2003).

Social and environmental impact
The intended use of the blackwater, whether for private or communal use, in addition to available water
resources impacts what toilets and the accompanying infrastructure is needed. The concentration of plant
available nutrients and organic matter in the blackwater depends on the amount of flushwater used,
which differs among toilet types; greater volumes of flushwater dilute the nutrients and organic matter
available per unit of blackwater.
There are several different types of toilets available, however, the toilet waste would have to be separated from the rest of the household water waste. The easiest way to do this would be to have a storage
tank connected directly to the toilet. This tank could be used either for treatment domestically, or be
emptied by a collection truck and brought to a treatment facility. The type of toilet used will determine
the dry matter content of the blackwater, which changes based on the amount of flushwater used. Classic
flush toilets or cistern toilets (Figure 4) use quite large quantities of water when compared to other types
of toilets; older toilet designs can use up to 20 L of water, while more modern designs use between 6 to
9 L (Tilley et al., 2014). Due to the high flushwater volume, cistern toilets both greatly dilute the nutrient
and organic matter content of the blackwater in addition to not being as applicable in regions suffering
from water scarcity.
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Figure 4. Depiction of a cistern toilet [Source:(Tilley et al., 2014)]
Urine diverting toilets (UDT) (Figure 5) are another option, where the urine and feces are deposited
and flushed down two separate chambers; allowing for the possibility to collect the urine and feces into
two separate tanks or in one tank depending on the desired use of the excreta. UDTs can be either wet
or dry, meaning they do use flushwater (“wet”) or they don’t (“dry”). Depending on whether a “small”
or “large” flush is done, these toilets use between 0.3 and 2.5 L per flush (Wostman).

Figure 5. Depiction of a wet urine diverting toilet [Source: (Tilley et al.,
2014)]
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A third choice is the use of a vacuum toilet, which is similar to the cistern toilet, but uses a mixture
of water and air to flush. The mixture of air and water means that only 0.6 L of water per flush are
needed (Wostman). Lastly, a toilet option which may be more applicable in developing countries is the
pour flush toilet (Figure 6). While in principle they are similar to cistern toilets, the main difference is
that the user manually pours water to flush their excretions, usually using between 2 and 3 L of water
per flush (Tilley et al., 2014).

Figure 6. Depiction of a pour flush toilet [Source: (Tilley et al., 2014)]
Separating blackwater in order to treat and then reuse it may require adjustments to existing infrastructure in certain countries and complete implementation in countries where no proper sanitation systems exist. It is however, a great opportunity to recycle nutrients and water. Based on statistical data
from FAO, the world population has increased by 340% between 1900-2010, while freshwater withdrawal has increased by 630% in the same time span (FAO, 2016). The majority of the freshwater, 69%,
is being used for agricultural purposes, 19% is used in industry, and the remaining 12% is used for
municipal purposes, including household water use (FAO, 2016). While most of the water that is withdrawn is at some point returned to the environment, it is often more contaminated than it was before it
was withdrawn.
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Figure 7. Closed cycle of blackwater reuse for agricultural purposes
This is creating a scarcity of freshwater sources, in some countries more than others, which impacts
humans in a variety of ways, from contaminated water being used in agricultural production to a direct
contamination of drinking water. By recycling and reusing blackwater some of these problems can be
addressed. A closed and sustainable system as illustrated in Figure 7 could be created.
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4

Materials and Methods

Experimental setup
Two serial treatment replications were performed at a blackwater treatment plant in Hölö, which is located south of Stockholm, Sweden. For each replication, or set, the blackwater used was collected from
households in the surrounding area, brought to the treatment facility, and first pumped into a receiving
well. Next, both of the bio reactors were filled with 30 m3 of blackwater each, while 100 m3 remained
in the receiving well at ambient temperature. The 60 m3 in the reactors were then aerated and heated to
between 40°C to 45°C, which took about ten days. These 60 m3 were then pumped back into the receiving well where it was mixed with the cooler untreated blackwater and 1% urea (based on total ww). The
content in the receiving well was then thoroughly mixed for 1 hour to evenly distribute the heated blackwater and urea, and then left alone for 21 days. The study took place from the middle of March 2016
until the end of May 2016.
In order to analyze if any stratification took place within the well, a structure made up of 1 L plastic
bottles and string was built. The bottles were tied with the string, so that when placed in the well one
bottle reached the bottom (3.2 m deep), one bottle reached the middle (1.6 m deep), and one bottle was
at the top (0 m deep). A weight was attached at the bottom to make sure the bottles didn’t move about
and floatation devices were attached at 1.6 m and 0 m to assure that the plastic bottles remained at the
desired heights. Additionally, the 1 L bottles had holes drilled into them which were large enough to
allow blackwater to flow through them. On the inside they were lined with a plastic mesh to insure that
anything added (the Ascaris suum egg bags and temperature probes) would remain within.
During each set, the temperature probes remained in the blackwater well for the entire three weeks,
while the samples, listed in Table 4 below, were collected and subsequently analyzed on six days; initial
day (day 0), after 24 hours (day 1), after 48 hours (day 2), after one week (day 7), after two weeks (day
14), and after three weeks (day 21).
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Table 4. Overview of the samples taken to be analyzed during one set
Day

Day 0

Day 1

Day 2

Samples
3 samples from the reactor
3 samples from the well
3 samples of the mixture before urea addition
3 samples of the mixture after urea addition
1 Ascaris suum egg bag
3 samples from the top of the well (0 m deep)
3 samples from the middle of the well (1.6 m deep)
3 samples from the bottom of the well (3.2 m deep)
3 samples from the top of the well (0 m deep)
3 samples from the middle of the well (1.6 m deep)
3 samples from the bottom of the well (3.2 m deep)

Day 7

3 samples from the top of the well (0 m deep) + 1 Ascaris suum egg bag
3 samples from the middle of the well (1.6 m deep) + 1 Ascaris suum egg bag
3 samples from the bottom of the well (3.2 m deep) + 1 Ascaris suum egg bag

Day 14

3 samples from the top of the well (0 m deep) + 1 Ascaris suum egg bag
3 samples from the middle of the well (1.6 m deep) + 1 Ascaris suum egg bag
3 samples from the bottom of the well (3.2 m deep) + 1 Ascaris suum egg bag

Day 21

3 samples from the top of the well (0 m deep) + 1 Ascaris suum egg bag
3 samples from the middle of the well (1.6 m deep) + 1 Ascaris suum egg bag
3 samples from the bottom of the well (3.2 m deep) + 1 Ascaris suum egg bag
3 samples after the blackwater has been thoroughly mixed

Each sample consisted of 100 ml of blackwater and was analyzed for total nitrogen (N-tot), total
ammonia nitrogen (TAN), pH, Salmonella spp., total thermotolerant coliform bacteria (TtC)/Escherichia coli, Enterococcus spp., f-RNA bacteriophages, and somatic coliphages as can be seen in Figure
8. Extra samples were sent on day 0 of the mixture after the addition of urea and day 21 of the blackwater
after mixing for dry matter/total solids (TS) analysis.
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Figure 8. A brief overview of the analyses performed on the blackwater samples (Illustration: Annika
Aspects
Nordin) to be considered in the material and methods section:
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Physiochemical analysis
The sections below provide a more in depth description of the physiochemical analysis methods performed on the blackwater and Ascaris suum egg samples, which were briefly described in Figure 8
above.
Temperature
Temperature probes, Tiny tag Aquatic 2 (Intab, Sweden), were placed in the same 1 L bottle that contained the Ascaris suum egg bags in order to measure temperature at the different depths throughout the
21 days of each experimental set.
N-total and TAN
Before any analysis on the samples was performed, the spectrophotometer, which was used to measure
the concentration of both N-tot and TAN in the samples, was tested for accuracy. It did not require
making a calibration curve, since the test kits used contained the necessary calibration equipment (Figure
9). The test kits, Nitrate Test (Spectroquant® 109713; Merck, Germany) and Ammonium Test (Spectroquant® 100683; Merck, Germany) were used on samples that contained known amounts of nitrate
and ammonium, respectively. The samples were then pipetted into empty test tube cells and measured
using the Spectroquant® NOVA 60 (Merck, Germany) spectrophotometer, which showed readings
close to that of the known concentration.

A

B

C

D

Figure 9. Depicts the spectrophotometer (A) for reading the test cells of the Nitrate test (B) and
the Ammonium test (D) using provided calibration tools (C) (Photos: Astrid Max)
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In order to assure that any ammonium losses were kept at a minimum, 2 ml of sample were removed
each for N-tot and TAN analyses before any other analyses were performed. After shaking the sample
containers to ensure homogeneity, a syringe was used to remove a sample of blackwater. For the TAN
analysis, the blackwater was then pressed through a 0.45 µm filter (Sarstedt, Germany), while for the
N-tot the sample remained unfiltered, to include particulate matter in the total nitrogen analysis. The
samples were then kept refrigerated in sealed containers at 4°C until they were analyzed.
The analysis for N-tot began by first diluting the sample with deionized water 100 times for samples
without the added urea and to 1000 times for samples after the addition of the 1% urea in order to be
within the analysis range of the test kit, these dilutions were based on prior knowledge of approximately
how much nitrogen was to be expected. The “Crack Set 20 for the digestion of nitrogen (total)” (Spectroquant® 114963; Merck, Germany) (Appendix I) was first used in order to transform any organic and
inorganic nitrogen compounds into nitrate, by heating the sample together with an oxidizing agent in a
thermoreactor (TR 420 and TR 320; Merck, Germany). The nitrate (i.e. total nitrogen) concentration in
the pretreated sample was then subjected to the Nitrate Test kit (Appendix II), after which the various
nitrate concentrations were measured using the spectrophotometer.
For the TAN analysis (Appendix III) the filtered samples were diluted with deionized water either 10
times if the sample had no addition of urea, or 100 times for samples that had the addition of the 1%
urea, to make sure the concentration in the sample was within the range of the test kit, these dilutions
were based on prior knowledge of approximately how much ammonium was to be expected. The Ammonium Test kit was then applied to the diluted samples, after which the spectrophotometer was used
to measure the various ammonia concentrations.
Theoretical Nitrogen
The theoretical Nitrogen concentration was calculated by adding the average of the measured Nitrogen
concentration (mg L-1) of the blackwater mixture before the addition of the 1% urea on day 0 and the
available Nitrogen in the added urea. The Nitrogen in the added 1% urea can be calculated as follows:
1 Liter of blackwater weighs approximately 1000000 mg, multiplying this by 0.01 (1%) gives 10000
mg of urea per Liter. Urea consists of 46% Nitrogen, which means the urea itself can contribute 4600
mg L-1 of Nitrogen.
pH
Approximately 7 ml of blackwater sample were removed from the various sampling containers and
placed into 15 ml test tubes (Sarstedt, Germany). The samples were then stored at room temperature
until they reached 21°C, which is the temperature at which the pH probe (pHC2011 red rod combined
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pH electrode; Radiometer analytical, France) was calibrated. A 2-point calibration, from pH 4.01 (Certipur® 1.99001.0001; Merck, Germany) to 12.46 (Orion™ 910112; Thermo Fisher Scientific), was performed using buffer standards, after which the pH of the samples was measured using the MeterLab
PHM210 standard pH meter (Radiometer analytical, France).
Total solids
According to the European Committee for Standardization (CEN), the total solids (TS), also called dry
matter, obtained from a sample may not have a mass of less than 0.5 grams, which is why 250 grams of
sample, divided between 5 drying dishes, was used (CEN, 2007). TS analysis was only performed on
the mixed blackwater containing the added urea on the day of setup and then on the mixed material from
the final day (day 21). This was done in order to observe any change in the TS content, as well as to
ascertain the TS content of the final material which is to be used as fertilizer.
After shaking the sample containers, approximately 50 g of sample were poured into 0.5 L Toppits®
aluminum foil pans and then placed into a chamber furnace oven (Model LH 30/12; Nabertherm GmbH,
Germany) for drying, where they remained at 105°C for 24 hours. The samples cooled to room temperature and were then weighed. The change in weight of the sample was then used to calculate TS (Eq. 1).

𝑇𝑆 (%) = 100 ∙

𝑤𝑑
𝑤𝑤

(Equation 1)

Where wd is the dry weight of the samples, after it’s time in the oven, and ww is the wet weight of the
initial blackwater sample.
After drying the samples were returned to the oven and burned at 550°C for 4 hours, allowed to cool
back down to room temperature, and then weighed in order to calculate the ash content.

Microbiological analysis
The sections below provide a more in depth description of the microbiological analysis methods performed on the blackwater and Ascaris suum egg samples (Figure 8).
Microbial inactivation
The microbial concentration in a sample is commonly calculated as colony or plaque forming units
(CFU or PFU) per gram of TS. However, since the TS was not measured on each sampling day, to be
more accurate, results are expressed as CFU or PFU per milliliter. CFU or PFU ml-1 is based on the raw
data, since it is calculated using the number of colonies counted on a plate and the dilution of the sample
plated.
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Additionally the decimal reduction time (Dr), or the amount of time required at set of conditions to
kill 90% or 1log10 of the measured microorganism, is calculated for each microorganism. To calculate
the Dr – value, the kD - value, which is the change in concentration over the change in time, must first
be calculated (Eq. 2).
(Equation 2)

After which the Dr – value can then be calculated (Eq. 3).
(Equation 3)

Ascaris suum eggs
Ascaris suum egg bags, which came from sieved swine feces and had an original concentration of
100,000 eggs per ml (Excelsior Sentinel, Inc, USA), where added to the blackwater. In order to reach a
number of 104 eggs per bag, 0.2 ml of egg solution was put into each sterile “tea bag” with a pore size
of 28µm (Bigman AB, Sefar) using a 1.2 x 50 mm needle and attached syringe (Neolus® Hypodermic,
Terumo Europe NV). The injection hole in the “tea bag” was then sealed using a hot glue gun.
Three “tea bags” were placed into a 1 L plastic bottle (Figure 10). There was one plastic bottle per
sampling height, e.g. 0 m, 1.6 m, and 3.2 m. These 1 L bottles had holes drilled into them to assure that
blackwater could flow through them, and were lined with a plastic mesh to assure that the Ascaris suum
egg bags would remain within. A weight was attached at the bottom to make sure the bottles didn’t move
about and floatation devices were attached at 1.6 m and 0 m to assure that the plastic bottles remained
at the desired heights.
During sampling, one Ascaris suum egg bag was removed on days 7, 14, and 21 for each height,
placed into 0.1 N sulfuric acid, and then incubated at 28.5°C for 30 days. After the 30 days, the bags
were removed and washed with NaCl peptone water containing the detergent Tween (SVA, Sweden),
to release eggs stuck to the bag material. Next, 0.1 ml of eggs along with some “NaCl peptone water
with Tween” were removed with a 1.2 x 50 mm needle and attached syringe, and placed on a 76 x 26
mm microscopic slide and then covered by a 26 x 60 mm slide cover (Thermo Fisher Scientific Inc.).
The different stages of larval development, or lack thereof were then studied with a 20x magnification
under a Zeiss AX10 microscope (Zeiss International) (Figure 10).
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Figure 10. The plastic 1 Liter bottle without the inner plastic mesh holding the Ascaris egg filled "tea
bags" during the study (A), a depiction of Ascaris suum egg (B), a depiction of Ascaris suum larvae (C)
Salmonella spp.
In each set, the detection of Salmonella spp. was performed on the three samples from the untreated
sample in the well (day 0), in addition to one sample, chosen at random, from each sampling height
(0 m, 1.6 m, 3.2 m) on the other days, until no more Salmonella spp. was detected. A 1:9 dilution was
prepared in sterile blender bags (VWR International) with 50 grams of the blackwater sample and 450
grams of buffered peptone water (BPW) (SVA, Sweden). The samples were then incubated at 37°C for
18 hours.
The next step involved the use of Modified Semisolid Rappaport Vassiliadis (MSRV) agar (SVA,
Sweden), on which 3 drops of the pre-enriched sample were placed (Koyuncu & Haggblom, 2009).
Additionally a control was made using nutrient broth (NB) (SVA, Sweden) and a colony of Salmonella
typhimurium strain WG49 (ATCC® 700730™). These plates were incubated at 41.5°C for 24 hours. If
the sample plates did not appear positive after 24 hours, they were incubated for an additional 24 hours.
If they were still negative after 48 hours, then the samples were considered to be Salmonella spp. negative.
If the sample plates appeared to be positive after 24 or 48 hours, then a Xylose lysine deoxycholate
(XLD) agar plate (SVA, Sweden) was inoculated with a sample taken from the ring surrounding the
inoculation droplet on the positive MSRV plate. The same was done for the positive control. The XLD
plates were then incubated at 37°C for 24 hours. If black colonies grew on the XLD, which is how
Salmonella spp. should appear, then a last step was taken to confirm Salmonella spp. One colony was
removed from the positive XLD plate and inoculated into a triple sugar iron (TSI) slant test (SVA,
Sweden), while a second colony was removed and placed into urease broth (SVA, Sweden). Both tests
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were incubated at 37°C for 24 hours. The TSI test was positive for Salmonella spp. if the agar at the butt
of the tube was yellow, the path where the inoculating needle stabbed into the agar was black, there was
gas formation, and if the slant part of the tube remained red. Additionally, if the urease broth test remained negative (yellow color), then Salmonella spp. was confirmed.
Thermotolerant coliform bacteria and E.coli
Chromocult agar plates were prepared by mixing Chromocult Coliform agar (Merck, Germany) with
boiling deionized water. Some plates also received an “E. coli/Coliform Selective-Supplement” (Merck,
Germany), that was added to the liquid agar once it reached below 50°C. The liquid agar was then
pipetted into 90 x 15 mm petri dishes and allowed to cool, after which it was stored at 4°C until it was
used.
A 1:9 dilution series of the blackwater with “NaCl peptone water with Tween” was performed on
each sample. Once the desired dilution was reached, 0.1 ml of sample was pipetted onto a Chromocult
agar plate and then spread out. These plates were then incubated at 37°C for 24 hours.
Once the number of colonies growing on the lowest dilution became very low (1-5 colonies), to analyze how many TtC bacteria remained, 1 ml of direct sample was spread between five Chormocult plates
with the selective agent, i.e. each plate contained 0.2 ml of sample. This was also done on the following
sampling day to confirm that if there were any TtC left, the number was below 1 CFU per ml of sample.
Enterococcus spp.
A 1:9 dilution series of the blackwater with “NaCl peptone water with Tween” was performed on each
sample. Once the desired dilution had been reached, 0.1 ml of sample was pipetted onto Slanetzy Bartley
(SlaBa) agar (SVA, Sweden) and spread out. These plates were then incubated at 41.5°C for 48 hours.
They were not incubated at the normal 44°C due to a lack of available incubators, and because the
MSRV agar which tested for Salmonella spp. had an extremely small allowed temperature variation
range (±0.5°C). This is different from Enterococcus spp., which grows well in the range of 37-44°C,
however, with higher specificity at 44°C (Nordin, pers).
When the concentration of Enterococcus spp. was low in the lowest possible dilution (diluted 10
times), enumeration was performed by dividing 1 ml of direct sample between 5 plates (0.2 ml of sample
per plate). However, no additional selective agent was added to the agar.
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F-RNA bacteriophages and somatic coliphages
Salmonella typhimirium strain WG49 (ATCC® 700730™) was cultivated on BLÅ agar plates (SVA,
Sweden) through incubation at 37°C for 24 hours, to serve as host bacteria for the f-RNA bacteriophages.
However, only the lactose producing colonies which can be identified by their yellow color on the BLÅ
agar plates can be used. The yellow color indicates that the bacteria contain a plasmid for F-pili production, which is needed by the male-specific f-RNA bacteriophages, since the F pilus which is produced
is the viral receptor (Cefas). To test if the host bacteria was working properly positive controls were
made using the yellow colonies, and it was discovered that the BLÅ agar plates had to almost exclusively
grow yellow colonies, not just one or two colonies per plate, in order for the host bacteria and subsequent
plaque formation to work properly.
E.coli 13706 (ATCC® 13706™) was cultivated on horse blood agar plates (SVA, Sweden), through
incubation at 37°C for 24 hours, to serve as host bacteria for the somatic coliphages.
On sampling days, a yellow colony off a BLÅ agar plate and a colony from the blood agar plate were
added to flasks containing NB, and then incubated at 37°C for approximately 3 hours while being
shaken. During these three hours, a 1:9 dilution series of the blackwater samples was made using “NaCl
peptone water with Tween.” The samples were filtered using a 0.45µm filter to reduce the potential of
bacterial growth on the blood agar base (BAB) agar plates (SVA, Sweden). Next, soft BAB agar (SVA,
Sweden) was heated up to 44°C in order to make it liquid, after which 2 ml were pipetted into test tubes
which sat in a QBD4 heating block at 49°C (Grant, Cambridge). Once the three hours were over, 1 ml
of one host bacteria and 1 ml of sample were pipetted into each BAB agar containing test tube. The
mixture was then vortexed and poured onto a BAB plate. A positive and negative control were also
made using 1 ml of water in the place of 1 ml of sample. Five drops of phage ɸx174 (ATCC® 13706B1™) with a 108 concentration were then added to the positive somatic coliphage plate containing E.coli
13706, while 5 drops of f-RNA phage MS2 (ATCC® 15597-B1™) with a 1011 concertation were added
to the positive f-RNA bacteriophage plate containing Salmonella typhimirium WG49. After the BAB
agar had cooled and hardened, the plates were turned over and incubated at 37°C for 17-24 hours.

Statistical analysis
The statistical analysis of the raw data was performed using Excel 2013 (Microsoft, USA) and Minitab
17 (Minitab Inc., USA). Excel was used to average the raw data and perform simple calculations needed
to generate the logarithmic and decimal reductions. Additionally, Excel was also used to generate the
graphs used to present the analyzed data as well as run the model to predict Ascaris suum egg inactivation (Fidjeland et al., 2015a).
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The first analysis performed on all collected data in Minitab was to test for a significant difference
between the three depths from which samples were taken (0 meters, 1.6 meters, and 3.2 meters). This
was done to see if there would be stratification of the urea and thus nitrogen and ammonia distribution,
which would in turn affect the inactivation of the tested microorganisms. A single factor analysis of
variance (ANOVA) in combination with Tukey’s Honestly Significant Difference (HSD) test was used
to perform this analysis. To analyze the Ascaris suum data, a multiple comparisons for proportions test
was run in Minitab, where the proportion between the number of larvae and the total number counted
was taken to show if there was a significant difference between the three sampling heights per day.
Lastly Minitab was also used for general regression analysis of the relationships between the chemical
parameters; TAN, N-tot, un-ionized ammonia, pH. All analyses were performed with a 95% confidence
interval and a p-value <0.05 representing a significant difference.

Research limitations
The research limitations of this study are as follows:


A lack of a control to allow for the analysis of the effect of the physiochemical properties on
the inactivation of the microorganisms.



A lack of temperature data for set 2 because of the thermometers breaking.



Unexplainable microbial growths on somatic coliphage plates in set 2, likely causing less accurate data because plaques could not be identified properly and counted.



The inability to grow the necessary host bacteria for the f-RNA bacteriophages in set 1, resulting
in no data on f-RNA bacteriophages for that set.
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5

Results

Total solids
The TS of the blackwater was taken on the initial day (Day 0), after the heated blackwater (60m3) and
1% urea were added to the blackwater at ambient temperature (100m3) in the well and mixed for one
hour. The TS was then taken again on the final day (Day 21) after the blackwater had been mixed again
for one hour. These results of these samplings can be seen in Table 5.
Table 5. Results of the TS analysis of sets 1 and 2 including the standard deviations of the mean
Total solids (%)
Ash (% of TS)a
Volatile solid (% of TS)
Set 1 Day 0
0.688 ± 0.147
17.5 ± 2.72
82.5 ± 2.72
Set 1 Day 21
0.351 ± 0.0698
46.8 ± 25.4
53.2 ± 22.8
Set 2 Day 0
0.375 ± 0.0403
44.9 ± 5.37
55.1 ± 5.37
Set 2 Day 21
0.262 ± 0.0367
47.6 ± 6.60
52.4 ± 6.60
a)

The grams of ash weighed during each sampling was similar, the concentration on set 1 day 0 is only different due to
the higher TS.

In the first set it appears that after the 21 days the TS had decreased to 0.35%, while the ash content
remained similar; this is likely due to decomposition of organic matter. The decrease of VS during this
time supports that decomposition is the likely cause, since it represents the amount of organic matter
present. In set 2 the TS was already lower to begin with than in set 1, however there was still a slight
decrease, again likely due to some decomposition.

Nitrogen and pH analysis
The concentration of total Nitrogen was measured at the three sampling depths. Single factor ANOVA
showed that there was no significant difference on any of the sampling days in both sets, which is why
the average measured value for the sampling day was used (Figure 11). The total Nitrogen concentration
increases in the first few days due to the added urea, after which it is expected to remain constant. This
was supported by a linear regression analysis, which showed that overall there were no significant trend
of increase or decrease in the total Nitrogen concentration throughout the 21 days in either set 1 (p-value
= 0.423) or set 2 (p-value = 0.662).
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Figure 11. Total Nitrogen concentration in both sets over time including error bars to show the standard
deviation
The theoretical total Nitrogen concentrations were calculated by adding the initial total Nitrogen concentration in the blackwater to the concentration of Nitrogen from the added urea (1% ww). While the
theoretical Nitrogen for set 1 was 5260 mg L-1 and for set 2 was 5400 mg L-1, it can be seen (Figure 11)
that the averages are often above these values with rather large standard deviations. This could be due
to variations in the organic Nitrogen concentration in the blackwater, caused by large particles. These
particles may not be spread evenly throughout the mixture and are included in the results since the
samples undergoing total Nitrogen analysis are not filtered.
The single factor ANOVA test for the TAN concentration between the three layers showed that there
was no significant difference on the majority of the sampling days. The two days which showed a significant difference between the three layers were day 4 from set 1 and on day 14 from set 2.
On day 4 from set 1, the average values for each layer vary between the top (3500 mg L-1), middle
(1900 mg L-1), and bottom (2133 mg L-1). While statistics showed that there was not a significant difference between the middle and bottom layer, there is a significant difference between them and the top
layer. This large variation between the middle and bottom to the top layer can only be explained by
randomness in sampling. The concentration does not show stratification, since then the TAN concentration would be expected to be higher at the bottom rather than at the top. The trend of the TAN concentration is also not reflected in the trend of the total Nitrogen concentration, which would have to show
that the concentration of total Nitrogen is highest in the top layer, and that the top layer is significantly
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different from the other two layers, which is not the case. So, the average and standard deviation for day
4 in set 1 are used since the value (3500 mg L-1), which caused there to be a significant difference, cannot
be explained and is therefore considered to be an outlier. This allowed for the use of the daily average
for set 1 (Figure 12).
On day 14 from set 2, there was no significant difference between the top (5600 mg L-1) and middle
layer (5500 mg L-1), but that these layers were significantly different from the bottom layer (4300 mg
L-1). This significant difference cannot be due to stratification since the bottom layer has a lower TAN
concentration than the top two layers. The TAN concentration does however reflect the variations in the
total Nitrogen concentration, where the top (6033 mg L-1) and middle (6067 mg L-1) layer had similar
concentrations and the bottom layer (4967 mg L-1) had a much lower concentration. However, the single
factor ANOVA test considered the total Nitrogen concentrations of the three layers to be not significantly different. Since the bottom TAN concentration likely resulted from the lower total Nitrogen concentration in the bottom layer, which did not show a significant difference, the average along with the
standard deviation will also be used for day 14 from set 2 is used. This made it possible to use the daily
averages for set 2 (Figure 12).
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Figure 12. TAN concentration of both sets over time including error bars to show the standard deviation

While the total Nitrogen concentration should remain constant over time, the TAN concentration
should be increasing, since the Nitrogen from the urea is continuously transformed into ammonia. This
can be seen in Figure 12, where the trend of the TAN concentration appears to be increasing until around
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day 14, after which it appears to reach a steady state, while the total Nitrogen concentration is represented by the theoretical Nitrogen concentration. A linear regression analysis of the TAN concentration
during the first two weeks confirmed that the increase for both set 1 (p-value = 0.004) and set 2 (p-value
= 0.005) was significant. When TAN reaches a steady state it means that the urea has been fully degraded, at which point its concentration should be close to the total Nitrogen concentration, as seen in
Figure 12 around day 14.
A single factor ANOVA test for pH between the three layers shows that there was no significant
difference on the majority of the sampling days. The only days which showed a significant difference
between the three layers were on day 4 from set 1 and day 3 from set 2.
On day 4 from set 1, the average pH values for each layer vary from the top layer (9.3) to the middle
(9.2) and bottom (9.2) layers. While statistics show there is not a significant difference between the
middle and bottom layer, there is a significant difference between them and the top layer. Since TAN
and pH are known to affect each other, the trend in the pH can be explained by the TAN concentration
(Nordin et al., 2009b). On day 4 in set 1, for both the pH and TAN concentrations, the middle and
bottom layers were not significantly different from each other but were significantly different from the
top layer. However, since the daily average of the TAN concentration is used and the variable causing
a significant difference is considered to be an outlier, the same principle is applied to pH. Additionally,
the significant difference is only 0.1 pH-unit, which holds no practical meaning. Therefore, the daily
averages are used for set 1 (Figure 13).
On day 3 from set 2, the average pH values for each layer vary from the top (9.1) to the middle (9.0)
to the bottom (9.1). The single factor ANOVA test stated that pH of the top and bottom layers and the
middle and bottom layers are not significantly different, while the top and middle layer are significantly
different. This trend in the pH can be explained by the TAN concentrations; TAN was highest in the top
layer, second highest in the bottom layer, and lowest in the middle layer. However, there was no significant difference in the TAN concentration on this day. Additionally, the significant difference is only
0.1, which holds no practical meaning. This is why the daily averages are also used for set 2, with the
variations visualized in the figure by error bars showing the standard deviation from the mean (Figure
13).
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Figure 13. TAN and pH change over time including error bars to show the standard deviation of the pH
Urea itself is expected to create a more alkaline environment even before it is degraded (OECD,
2005). When urea is degraded into TAN it is expected that the pH will continue to increase until it
reaches a steady state. The pH increased only at the beginning and then remains somewhat constant once
it had reached a steady state (Figure 13).
Due to missing temperature data for set 2, the temperature data from set 1 was used to calculate the
un-ionized ammonia concentration of set 2. Temperature measurements were taken every 10 minutes.
However, the slight differences in temperature at the different depths did not affect any of the investigated parameters. So, the average daily temperature of the three layers will be used for any calculations
or correlation tests involving temperature.
Using the temperature, TAN, and pH the concentration of un-ionized ammonia, which is the compound that actually causes the disinfection, can be calculated with Equations 4, 5, and 6.

(Equation 4, (Emerson et al., 1975))

(Equation 5)

[𝑁𝐻3 ] = [𝑁𝐻𝑡𝑜𝑡 ] ∙ 𝑓𝑁𝐻3

(Equation 6)
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Figure 14 below shows the concentration of un-ionized ammonia in comparison to the TAN concentration, theoretical Nitrogen concentration, and total Nitrogen concentration. Since the un-ionized ammonia concentration is calculated using the TAN concentration it should be expected that they follow a
similar trend over time. Even though the un-ionized ammonia concentration is much lower than the
TAN concentration, it does increase over time like the TAN concentration.
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Figure 14. TAN, un-ionized ammonia, and total Nitrogen over time
A linear regression analysis shows that while lower than the TAN concentration, there is a significant
and increasing trend over time in the un-ionized ammonia concentration for both set 1 (p-value = 0.016)
and set 2 (p-value = 0.019).

Microbiological results
The first analysis performed on all collected data was to test for a significant difference between the
three layers from which samples were taken (0 meters, 1.6 meters, and 3.2 meters) using a single factor
ANOVA test. The daily averages of the layers were used if there was no significant difference between
them.
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Ascaris suum egg viability
The proportion of viable Ascaris suum eggs in the three layers was compared. The results showed that
there was no significant difference on all days in set 2, and only a significant difference on day 21 in set
1.
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On day 21 form set 1, the test showed that there was no significant difference between the top (78%)
and bottom (81%) layer, but that these two layers were significantly different from the middle (65%)
layer. The first time the number of eggs and larvae were counted for day 21 from set 1, the viability for
the middle layer was approximately 58%, which appeared rather low when compared to the viability in
the top and bottom layer. So, another 0.1 ml of eggs were analyzed for day 21 from set 1. The viability
increased by 7% to 65%, which shows how great the discrepancy can be, most likely caused by an
uneven distribution of Ascaris eggs and larvae on the microscopic slide during analysis. The outlier
cannot be explained through stratification of total Nitrogen and TAN concentration, firstly, because the
lowest viability would be expected in the bottom layer, not in the middle layer, and secondly because
on day 21 in set 1 there is no significant difference in either the total Nitrogen or TAN concentrations
between the layers. Since there was only one outlier (red circle in Figure 15), the daily averages, along
with the standard deviation, were used to describe the Ascaris viability over the 21 days (Figure 15).
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Figure 15. Viability of Ascaris suum eggs over time including the outlier from set 1 (day 21)
and error bars representing the standard deviation
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A linear regression analysis showed that both set 1 (p-value = 0.02) and set 2 (p-value = 0.044) had a
significant decrease in the percent viability over time. However, the Dr – value for both sets showed that
quite a long period of time is required to accomplish a 1log10 reduction of Ascaris suum. The Dr – value
varied from 163 days for set 1 to 144 days for set 2.
Salmonella spp.
The concentration of Salmonella spp. was qualitatively tested; analyses were done to simply test if there
was any Salmonella spp. present in the samples per 50 g, and if so how long until no more Salmonella
spp. could be detected (Table 6). In set 1, day 4 established the concentration of Salmonella spp. to be
below the detection limit of 1 bacterium per 50 ml of blackwater. In set 2 this occurred on day 2.
Table 6. Salmonella spp. inactivation over time
Day

Set

Layer
Top
Middle
Bottom

Result
-

2

Top
Middle
Bottom

+
+

2

Top
Middle
Bottom

+
-

1

Top
Middle
Bottom

+
-

2

Top
Middle
Bottom

-

1

Top
Middle
Bottom

-

1
0

1

2

4
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Thermotolerant coliform bacteria and E.coli
On the Chromocult agar used for the enumeration of the TtC, two types of colonies grew. The violet
colonies were strains of E.coli, while the pink colonies were non-E.coli coliforms or TtC. The inactivation rates of the E.coli and TtC were very similar, E.coli was only slightly more sensitive to inactivation
than TtC.
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The single factor ANOVA test for the E.coli and TtC concentrations between the three layers shows
that there was no significant difference in both sets. In set 1, the detection limit (1 CFU per ml) was
reached after 7 days, however since no CFU were detected on day 4, the detection limit of the lowest
concentration plated on that day (dilution factor 10) is shown (see blue marking in Figure 16). A regression analysis showed that there was a significant reduction in set 1 (p-value = 0.001). In set 2 on day 0
no CFU were detected on any of the plates, which is why it is represented by the detection limit of the
lowest concentration (dilution factor 1000) plated on that day (see red marking in Figure 16). A linear
regression analysis showed that in set 2 there was also a significant reduction (p-value = 0.002).
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Figure 16. E.coli log CFU inactivation and temperature over time including error bars to show standard
deviation
In order to compare the log reductions of the two sets the data was normalized (Figure 17). The fast
inactivation of the E.coli is reflected in the Dr - value, which was calculated by fitting a linear regression.
If the Dr – value were based on the initial concentration and the first sampling day that gave 0 CFU (day
7), the Dr - value for set 1 and 2 would be 2.3 days. When the calculations are based on the regression
lines, the Dr – value for set 1 becomes 2.4 days and the Dr – value of set 2 changes to less than 1 day
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(approximately 18 hours). This is because the linear regression line of set 2 has a steeper slope when
day 7 is not included, which shows that CFU per ml would reach 0 between days 2 and 3, and not first
on day 7 (Figure 17). This is different to set 1, which has a more accurate trendline (greater R 2 value)
when day 7 is included.
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Figure 17. Normalized log reduction of E. coli over time

Enterococcus spp.
The single factor ANOVA test of the Enterococcus spp. concentrations between the three layers showed
that there was no significant difference in both sets except for on day 21 from set 1. On this day there
was no significant difference between the three layers, but there was a significant difference between
the layers and the concentration of Enterococcus spp. after the blackwater had been mixed. So the difference is most likely due to microbes that had settled out being redistributed in the blackwater, resulting
in higher concentrations throughout the mixture. So, since there was no difference between the layers
the daily averages were used to show Enterococcus spp. inactivation over the 21 day time period (Figure
18). The outlier caused by the re-mixing in set 1 on day 21 was not used in the daily average, as shown
by the red circle in Figure 18.
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Figure 18. Enterococcus spp. inactivation and temperature over time including error bars to show
standard deviation
A linear regression analysis was performed on the two sets to see if there was any significance in their
reduction over the 21 days. In set 1 there was no significant reduction (p-value = 0.061), while in set 2
there was (p-value = 0.000). The insignificance in set 1 can be explained by the low log reduction by
day 21 (approximately 0.6 log reduction), while over a 1 log reduction was reached at the same time in
set 2 (Figure 19). In order to compare the log reductions of the two sets the data was normalized (Figure
19). The rather slow inactivation of Enterococcus spp. is reflected in the Dr - value, which is 14.6 days
for set 1 and 31.9 days for set 2.
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Figure 19. Normalized log reduction of Enterococcus spp.
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F-RNA bacteriophages
Due to a lack of proper host bacteria, no f-RNA bacteriophages could be cultivated and counted from
set 1, which is why there is only data for set 2. The single factor ANOVA test for the f-RNA bacteriophage concentrations between the three layers of set 2 showed that there was no significant difference
on any of the sampling days. The concentration of the f-RNA bacteriophages reached below the detection limit by day 14 (0 PFU per ml). A linear regression analysis of the data did not find that the 2log10
reduction within 14 days was significant (p-value = 0.087). The inactivation of f-RNA bacteriophages
is reflected in the Dr - value, which was calculated as 6.8 days for set 2.
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Figure 20. F-RNA inactivation and temperature over time
Somatic coliphages
The single factor ANOVA test of the somatic coliphage concentrations between the three layers showed
that there was only a significant difference on day 14 from set 2. Here the somatic coliphage concentrations varied between the top (6.0 log PFU ml-1), the middle (5.6 log PFU ml-1), and the bottom (5.7 log
PFU ml-1) layers. ANOVA showed that there was no significant difference between the top and the
bottom layer and the middle and the bottom layer, there was however a significant difference between
the top and the middle layer. This significant difference is most likely due to the fact that there was
strong microbial growth on the surface of the media which made it difficult to both identify and count
the plaques. This occurred throughout set 2 and can be seen in Figure 21 by its fluctuating somatic
coliphage concentrations. Since the discrepancy could be explained, the daily averages along with the
standard deviations from the means, were used for all sampling days (Figure 21).
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Figure 21. Somatic coliphage reduction and temperature over time
A linear regression analysis was performed on the two sets to see if there was any significant reduction
over the 21 days. In set 1 the reduction was found to be significant (p-value = 0.012), while in set 2 it
was not significant (p-value = 0.347). The insignificance in set 2 is possibly caused by the fluctuating
concentration of the somatic coliphages due to the inability to properly count the plaques because of the
strong microbial growths. In order to compare the log reductions of the two sets the data was normalized
(Figure 22). The rather slow inactivation of the somatic coliphages is reflected in their Dr - value, which
was 102 days for set 1 and 39.2 days for set 2.
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6

Discussion

The aim of this study was to test how effectively 1% urea (ww) would sanitize low temperature blackwater within a 21 day period. The inactivation of pathogenic and indicator microorganisms, along with
physiochemical properties such as pH, temperature, TAN, total Nitrogen and TS were tested for in the
blackwater samples at three different heights. This was done to observe if stratification took place. However, with the exception of a few outliers, there was no significant difference found between the three
measured heights for all physiochemical properties and microorganisms. This contradicts findings by
(Höglund et al., (2000))where the pH, TS, Nitrogen compounds, and microorganisms were found in
higher concentrations at the bottom of the urine containing tank than at the top by the end of their 126
day study period. The major difference between the study by (Höglund et al., (2000))and the study
performed in this paper is the length of the study period. The study period from (Höglund et al., (2000))is
over 100 days longer with sampling occurring at much larger intervals. Due to the brevity of the study
at Hölö presented in this paper (21 days), gravitational settlement of physiochemical properties and
microorganisms did not occur in any significant manner. Extending the study period at Hölö might result
in a similar stratification occurring as in the study by (Höglund et al., (2000)).

Physiochemical properties
Overall, the addition of urea increased the TAN concentration by approximately 5 times from its initial
concentration; reaching full urea degradation around day 14. The pH was stable starting around day 7,
indicating that enough TAN and carbonates have formed to buffer the pH. Finally, the total nitrogen
concentration was stable, with the exception of some small insignificant variations, throughout the
study. This indicates that any ammonia losses were minor despite the fact that the container was opened
for sampling 6 times over 21 day study period.
The addition of urea to the blackwater is expected to cause an increase in the pH both through urea itself,
which is alkaline, and through the degradation of the urea into ammonia and carbonate, both of which
cause microbial inactivation (OECD, 2005; Diez-Gonzalez et al., 2000). The degradation of urea is
dependent on a variety of factors, including the temperature, the initial pH, the TS, and the amount of
urea added to the treated material (Fidjeland et al., 2013a; Vinnerås et al., 2008; Williams et al., 1984).
However, an increased TAN concentration is not always needed to increase the un-ionized ammonia
concentration (Vinnerås et al., 2008). Since pH, temperature, and the measured TAN concentration are
used to calculate the un-ionized ammonia concentration, a higher pH or temperature along with a lower
TAN concentration can give the same un-ionized ammonia concentration as a higher TAN concentration
at a lower pH or temperature (Vinnerås et al., 2008).
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In this study the overall temperature of set 1 (no temperature data was collected for set 2) decreased
by almost 6°C over the 21 day study period, but this did not appear to have a great impact on the urea
degradation (affecting un-ionized ammonia concentration) and thus the inactivation rates of the microorganisms. Especially since Salmonella spp., TtC/E.coli, and the f-RNA bacteriophages were inactivated to below their detection limit. However, the inactivation of these microorganisms happened within
a shorter time period, which means there was a smaller temperature decline.
The pH increased quickly during the first week and then reached its steady state, stabilizing above
9.2 in both sets. The TAN and un-ionized ammonia concentrations increased the pH, but only appeared
to reach a steady state in the last week. The exception to an increase in the TAN and un-ionized ammonia
concentrations was in set 2 on day 21, where the daily average decreased slightly from the daily average
of day 14. The decrease can be explained by the fact that on day 14 one of the layers was significantly
different than the others, which has an impact on the daily mean. Since the standard deviation was used
to show the differences of the measured values to their daily mean, this was also compared, and the
confidence intervals were shown to overlap quite a bit for days 14 and 21. So, while there was a decrease
it wasn’t very large and most likely due to randomness in sampling. If the decrease had been larger it
could have been explained either through volatile losses of ammonia, which means the storage container
was not airtight, or by the adhesion of the urea to organic matter (Nordin et al., 2009b).
The concentration of organic matter in a material can be estimated using the VS. So, the organic
matter makes up a certain percent of the TS, which means the TS concentration can also impact the
sanitization of the treated material. The higher the TS, the longer it will take to inactivate microorganisms and thus sanitize the material, especially when the TS is greater than 20%, because it becomes
difficult to evenly mix the urea in the material (Nordin, 2010; Nordin et al., 2009b; Williams et al.,
1984). Since the 1% urea (ww) was mixed into the blackwater for an hour to ensure an even distribution
and the TS of the blackwater in this study was very low (<1%), both the organic matter content and TS
should not cause any significant negative effects on the inactivation of the microorganisms.
The total Nitrogen concentration available to be degraded into TAN and un-ionized ammonia is dependent on the intrinsic Nitrogen concentration of the material and the amount of urea added. Once the
1% urea (ww) was mixed into the blackwater and increased the total Nitrogen concentration, it was
expected that the total Nitrogen concentration would remain constant which was confirmed by a linear
regression analysis. While the changes in the total Nitrogen concentration were not showing any significant trend, there were some fluctuations. These variations could have been caused either by the loss of
Nitrogen as volatile ammonia during sampling, or by the small sample size which may make the amount
of occurring Nitrogen containing particles random. This arbitrariness which can occur during sampling,
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as well as the unevenness in the distribution of the intrinsic Nitrogen containing particles can also explain why the concentration of the measured total Nitrogen is often greater than the theoretical Nitrogen
concentration.

Microbiological inactivation
Overall, there was no stratification found between the three measured heights for all physiochemical
properties. This contradicts findings by (Höglund et al., (2000))
The impact of the physiochemical properties, temperature, pH, TAN, total Nitrogen, and un-ionized
ammonia, on the microbial inactivation could not be statistically evaluated because no control study was
performed that could be used for comparison.
Ascaris suum eggs
According to the linear regression analysis of the Ascaris suum egg inactivation, with 1% urea (ww) and
an average temperature of 14°C (the average temperature over the 21 days) it would take between 489
and 432 days to reach the ABP regulation and SEPA 2013 proposed 3log10 reduction (SwedishEPA,
2013; EU, 2011). This reduction time however does not take into account the initial lag phase that is
known to be occur during Ascaris suum inactivation (Fidjeland et al., 2013b; Nordin et al., 2013; Nordin
et al., 2009a; Ghiglietti et al., 1997). During the lag phase the inactivation is very low, however once it
is over the Ascaris egg inactivation proceeds rapidly (Fidjeland et al., 2013b). Since it is likely that the
Ascaris eggs in this study are still in their lag phase, using the log reductions to calculate decimal reduction time would cause the value to be much greater than it actually is. Therefore, a model was used to
calculate the time it would take to reduce Ascaris viability by 3log10 (Fidjeland et al., 2015a). The
model revealed that it would take 164 days for the necessary 3log10 reduction.
The lower the temperature (especially below 20°C) and ammonia concentration, the slower the Ascaris egg inactivation is (Fidjeland et al., 2015b). When temperature and ammonia concentrations are
increased the lag phase becomes shorter while the rapid inactivation phase after the lag phase does not
appear to be influenced by the ammonia concentration (Fidjeland et al., 2013b). The influence of the
temperature on the Ascaris egg inactivation could be explained by the fact that the permeability of lipid
layer in the egg shell increases with higher temperatures, allowing for certain substances, gases and lipid
solvents (ammonia), to enter into the egg (Nordin et al., 2009a; Wharton, 1980). So, in order to decrease
the inactivation time of the Ascaris eggs in this study either a greater concentration of urea needs to be
added and/or the temperature of the blackwater has to be increased. However, the SEPA 2010 plant
regulations do not require an inactivation of Ascaris suum eggs since they are not prevalent in Sweden,
as opposed to more tropical and subtropical countries in Africa and Asia (WHO, 2016).
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Salmonella spp.
The current certification criteria at the plant require that Salmonella spp. is absent in 25 g of sample (SP,
2012). However, if the new proposal comes into force, the new regulations will require Salmonella spp.
to be absent in 50 g of sample (SwedishEPA, 2013), which is why 50 g of sample were used in this
study when testing for Salmonella spp. This criteria was reached by set 1 on day 4 and by set 2 on day
2, giving an average inactivation rate of 3 days.
The inactivation of Salmonella spp. is known to increase with a higher temperature, higher urea and
un-ionized ammonia concentrations, and a lower TS (Fidjeland et al., 2013a; Nordin et al., 2009b;
Ottoson et al., 2008). A lower TS causes a decrease in the buffering capacity, which in turn allows for
a higher pH and un-ionized ammonia concentration to be spread evenly throughout the mixture, using
less urea than would be needed for a higher TS (Ottoson et al., 2008). A study testing the inactivation
of blackwater at ambient temperature (estimated to be between 10-20°C) with the addition of 0.1% urea
(ww), detected no more Salmonella spp. after 28 days (Fidjeland et al., 2015b). A study by Vinnerås et
al. (2008) tested the inactivation of Salmonella typhimurium in undiluted urine, which had a similar
ammonia concentration to the blackwater in this study; at 14°C they had a decimal reduction time of
<1.2 ± 5 days. This range is similar to the 2- 4 day reduction time needed in this study.
Thermotolerant coliform bacteria and E.coli
The current certification criteria plant where this study took place require an end product concentration
of <1000 E.coli g-1 (TS) (SP, 2012). Both sets reached the detection limit (1 CFU per ml) within one
week. Since the TS was not analyzed on either of these days, the lowest measured TS of each set was
used to calculate and verify that 1 CFU per ml corresponded to <1000 CFU g-1 (TS).
It has been observed that TtC is less sensitive to inactivation than E.coli (Fidjeland et al., 2015b).
This was also observed in this study, because the number of TtC colonies was usually greater than E.coli
colonies. Additionally, in set 1 on day 4 TtC was detected at the lowest dilution but no E.coli colonies
were detected. However, both TtC and E.coli were inactivated in both sets by day 7. Studies have observed that E.coli is more sensitive to inactivation than Salmonella spp. (Vinnerås et al., 2008; Mendez
et al., 2004). In this study however this was not possible to confirm since the starting and end concentration of Salmonella spp. was not known.
Enterococcus spp.
Enterococci strains are found naturally in the environment and can grow at a variety of temperatures (10
to 45°C) and at a high pH (9.6) (Byappanahalli et al., 2012). Different strains could be observed while
counting the colonies growing on the SlaBa agar since their appearance on the media varied. By the end
51

of the 21 day treatment, the number of Enterococcus faecalis colonies was usually much lower, if there
were any growing at all, than the number of colonies of other Enterococcus strains, similar to what was
observed in a study by Fidjeland et al. (2013a).
Studies have found using Enterococcus spp. as an indicator for microbial inactivation with ammonia
often resulted in an overestimation of the risk since Enterococcus spp. are known to be more persistent
than gram negative bacteria (e.g. Salmonella spp. and E.coli), especially at low temperatures (Fidjeland
et al., 2015b; Vinnerås et al., 2008; Allievi et al., 1994). However, current plant regulations require the
concentration of Enterococcus spp. to be <1000 CFU g-1 (TS) (SP, 2012). ABP regulations require a
5 log10 reduction of Enterococcus faecalis, which is a strain that can be found in the human intestinal
tract and can be a health risk (EU, 2011). According to the SEPA 2013 proposal, the concentration of
Enterococcus spp. will not be regulated (SwedishEPA, 2013).
Over the 21 day period, the concentration of Enterococcus spp. never reached <1000 CFU g-1 (TS) in
either of the sets. The inactivation of set 1 reached a reduction of 1.4 log10 by day 14, but increased
again to 1 log10 reduction on day 21. This was likely due to active Enterococcus spp. bacteria settling
at the bottom of the well, which were then stirred back into the blackwater when it was mixed. In set 2,
this did not occur, but the inactivation also did not even reach a 1 log10 reduction by day 21.
The blackwater also did not meet the ABP regulation of a 5 log10 reduction of Enterococcus faecalis
(EU, 2011). The decimal reduction time of the two sets ranged between 21 and 31 days, which means
that according to ABP regulations the blackwater would need between 105 and 155 days to be sanitized.
Enterococcus spp. have been known to have a lag phase, the time of which decreases when the temperature, pH, and amount of urea used are increased, causing an overall faster inactivation of Enterococci
(Fidjeland et al., 2013a; Ottoson et al., 2008). So, the decimal reduction time may not be accurate since
it does not take the lag phase into account, which means the required inactivation of Enterococcus spp.
would be achieved more quickly than what was calculated. However, the reduction time may still be
rather high, so it may be necessary to increase either the temperature, the dose of added urea, or both. A
study by Fidjeland et al. (2015b) showed that at 14°C and doubling the 1% urea (ww) currently used in
this study to 2%, would achieve the ABP required 5 log10 reduction in 75 days.
F-RNA bacteriophages and somatic coliphages
The current plant certification criteria (SPCR 178) do not require a log reduction of any viruses, however
the 2013 SEPA proposal does (SwedishEPA, 2013; SP, 2012). It would require a 3 log 10 reduction of
viruses. F-RNA bacteriophages, which are more sensitive to inactivation than somatic coliphages, were
found to be a good indicator for estimating enterovirus inactivation (Vinnerås et al., 2008; Cramer et
al., 1983). Additionally, the studies have shown that the inactivation of f-RNA bacteriophages and somatic coliphages are influenced by temperature; the lower the temperature the slower the inactivation,
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likely due to a lower cell permeability (Vinnerås et al., 2008; Cramer et al., 1983). F-RNA bacteriophages inactivation is also influenced by the ammonia concentration; an increase in the ammonia concentration caused a linear increase in the inactivation (Cramer et al., 1983).
There was only data for the reduction of f-RNA bacteriophages from set 2, where the concentration
reached below the detection limit (1 PFU per ml) by day 14. The decimal reduction time was calculated
to be 6.8 days, which means a 3 log10 reduction would be achieved in 20.4 days. This data differed to
the more persistent somatic coliphages, where in both sets less than 1 log10 reduction was found by day
21.

Recommendations for further studies
A problem during this study was that after 21 days of treatment, some of the end product concentrations
required by SPCR 178 had not been reached, i.e. Enterococcus spp. (SP, 2012). In fact, mixing the
blackwater on day 21 of the treatment ended in an increase of the Enterococcus spp. level. Future studies
might address this, if it still will be a requirement, by studying the effects of a higher usage of urea (1.52.0% based on wet weight) and testing if mixing on a regular basis can have an effect (daily or weekly).
Additionally, it could be interesting to study if mixing different proportions of heated and unheated
blackwater, in addition to different amounts of urea might influence inactivation rates. Lastly, while the
urease activity was indirectly studied, in order to establish the rate of degradation the conversion rate
between the total Nitrogen (urea) and TAN concentrations could have been measured more frequently
at the beginning of the study.
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Conclusions

In this thesis, the method testing an alternative combination of heating and ammonia treatment was only
somewhat effective in the sanitization of the blackwater under SPCR 178 and the 2013 SEPA proposal.
Over the 21 day treatment period the samples showed an even distribution of total-Nitrogen, TAN, pH,
and temperature throughout the mixture, regardless of the depth. After an initial increase in the concentration due to the addition of urea, the total Nitrogen concentration remained constant, though usually
higher than the calculated theoretical Nitrogen concentration. The pH increased at the beginning and
then settled into a steady state. The measured TAN and un-ionized ammonia (NH3), which makes up a
portion of TAN, showed an increase in the concentration for the first 2 weeks and then appeared to
become more steady from days 14 to 21. This partially confirms the first hypothesis, that the addition
of 1% urea (ww) will increase the pH, total-Nitrogen, TAN, and un-ionized ammonia concentrations.
The combination of heated and ambient temperature blackwater resulted in a mixture whose temperature was approximately 17°C. Since the blackwater was in an insulated container, it was expected that
there might be only a slight decrease in the temperature over the 21 days. Instead, the blackwater decreased by almost 6°C to approximately 11°C by day 21, which was however still higher than the temperature of the unheated blackwater. So, while the mixture of heated and ambient temperature blackwater did result in a higher temperature than that of the original blackwater, which was expected in the
second hypothesis, there were no control to compare the inactivation of microorganisms in heated versus
unheated blackwater.
The third hypothesis predicted that the reduction of the studied microorganisms within the 21 day
study period would be in accordance with the legislative reductions required for these microorganisms
of the production plant (SPCR 178). This means that in the final material on day 21, Enterococcus spp.
would need to be <1000 CFU g-1 (TS), Salmonella spp. would need to be absent in 25 g (ww), and E.coli
would need to be <1000 CFU g-1 (TS). While these concentrations for Salmonella spp. and E.coli were
met, Enterococcus spp. was still far above the regulated concentration. Under the SEPA 2013 proposal,
the requirements for validation of a method would also not be met, but in this case because of the Ascaris
suum egg inactivation, which did not show the required 3 log10 reduction in the 21 day study period.
Based on these observations, further studies are suggested. These should focus on the influence of
different physiochemical properties, such as different mixture ratios of heated and unheated blackwater
in combination with different urea doses, on microbial inactivation in a full scale system. This way, the
safest and most cost-effective treatment method for blackwater reuse can be established.
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