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Abstract

The Hias Process, developed by Hias IKS and Hias How20O, is an enhanced biological
phosphorus removal process based on the moving bed biofilm reactor technology. The
Hias Process has already shown results for efficient phosphorus removal, but to widen
this process’ application, both within Norway and internationally, it is also desired to
increase the nitrogen removal efficiency. Currently the nitrogen removal of the Hias pro-
cess happens through simultaneous nitrification and denitrification, but nitrogen removal
efficiencies within the requirements of the Norwegian or European regulations have not
yet been reached. Through this Master’s thesis a pilot scale side-stream two-reactor
setup for nitrification was implemented to the Hias process. To achieve Norwegian and
European removal requirements of at least 70% total nitrogen removal, an initial goal
of 60% removal of the sum of ammonia, nitrite and nitrate through the Hias Process
was proposed. The experiments were conducted from January through April at Hias
wastewater treatment plant. The results show a tendency of increasing nitrogen removal
though the experiments, and an average reduction of 57% for ammonia and 54% for the
sum of ammonia, nitrite and nitrate was achieved for the last four weeks of the analysis.
This was a significant increase relative to the previous test that have been done for
nitrogen removal with the Hias Process. Although the 60% mark was not achieved, this
side-stream setup shows great promise regarding nitrogen removal in the Hias Process,

while not significantly impacting the phosphorus removal.
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Norsk sammendrag

Hias-prosessen, utviklet av Hias IKS og Hias How20O AS, er en biologisk renseprosess
for fosforfjerning fra avlgpsvann basert pa MBBR-teknologi. Hias-prosessen har vist
gode resultater for effektiv fosforfjerning, men for a utvide prosessens malgruppe, bade
nasjonalt og internasjonalt, er det et gnske om gkt renseeffekt for nitrogen. Hittil har
Hias-prosessen oppnadd nitrogenfjerning gjennom simultan nitrifisering og denitrifiser-
ing, men uten & oppna renseeffekt innenfor norske og europeiske rensekrav. Gjennom
denne masteroppgaven ble et sidestrgms system for nitrifisering med to reaktorer imple-
mentert i pilotskala for Hias-prosessen. Et mal om 60% fjerning av ammonium, nitritt
og nitrat ble forslatt for & oppna norske og europeiske rensekrav for nitrogen pa mini-
mum 70% fjerning av total nitrogen. Eksperimentene ble utfort fra januar til og med
april ved Hias avlgpsrenseanlegg. Resultatene viser en tendens til gkende nitrifisering,
og en rensegrad pa 54% lgst nitrogen og 57% ammonium ble oppnadd i lgpet av de
fire siste ukene. Dette representerer en stor gkning av rensegrad i forhold til tidligere
tester for nitrogenfjerning for Hias-prosessen. Selvom 60% fjerning av lgst nitrogen ikke
ble oppnadd, viser resultatene at Hias-prosessen har et stort potensial for nitrogenfjern-
ing med sidestrgms reaktorer, samtidig som rensegraden for fosfor ikke blir betydelig

pavirket.
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1. Introduction

Wastewater contains organic material and nutrients such as phosphorus (P) and nitrogen
(N) compounds, like phosphate (PO?7), ammonia (NHJ), nitrite (NO;) and nitrate
(NOj). Discharge of these phosphate and nitrogen compounds to recipients can cause
eutrophication (Schindler, 1974). For freshwater recipients the main limiting nutrient
for eutrophication is P (Schindler, 1974), while N has a greater limiting effect in estuaries
and coastal recipients (Howarth and Marino, 2006). Estuaries and coastal recipients can
also be impacted by local N loads in the watersheds, and therefore N removal before
discharge to freshwater recipients can reduce eutrophication in estuaries and coastal
recipients downstream (Ocean Studies Board and National Reasearch Council, 2000).
Eutrophication can alter the conditions of a recipient, thus cause habitat degradation,
change in species composition and reduced water quality (e.g. toxins) (de Jonge et
al.; 2002). These issues, while negative for the recipients, can also cause health and
recreational issues for humans. Therefore, to protect recipients and human interests,
discharge limits have been placed on wastewater treatment plants (WWTPs) to reduce

nutrient loadings to recipients.

Total nitrogen (TN) and total phosphorus (Tot-P) removal requirements for EU member
states is described by 'Council Directive 91/271/EEC’ (European Economic Community,
1991), the TN requirement is minimum 70-80% reduction and Tot-P the requirement is
minimum 80%. Norwegian removal requirements, covered by ’forskrift om begrensning
av forurensing’ (2004) part 4 regarding wastewater treatment, are minimum 70% reduc-
tion of TN, but only WWTPs with specified requirement for N removal are covered by

the removal requirements.

Hias WWTP located near the city of Hamar, Innlandet in Norway receive wastewater
from the four municipalities Hamar, Lgten, Stange and Ringsaker. The WWTP receive
both domestic and industrial wastewater, causing big differences in organic and nutrient
loadings throughout the week. Hias inter-municipal company, Hias IKS, who is in charge
of operating Hias WWTP, have together with its subsidiary, Hias How20O AS, invented
the Hias process. The Hias process is a MBBR process for P-removal in wastewater by

utilization of PAO in oscillating anaerobic and aerobic conditions (Saltnes et al., 2017).

1



2 CHAPTER 1. INTRODUCTION

PAO release PO}~ when exposed to anaerobic conditions and accumulate more PO}~
in oxic conditions, resulting in a net accumulation of PO}~ (Saltnes et al., 2017). The
process uses 3 anaerobic zones followed by 7 oxic zones with biofilm carriers continu-
ously flowing with the wastewater from zone 1 to 10. The Hias process removes some
nitrogen in the oxic zones through simultaneous nitrification and denitrification (SND),
with nitrification at oxic conditions in the outer biofilm and denitrification at anoxic
conditions in the inner biofilm (Saltnes et al., 2017). According to Sgrensen (2021),
the SND can achieve up to 40-50% NHJ -removal during warm weather in the summer
months. Currently the nitrite oxidizing bacteria (NOB) are inhibited for the SND, and
thus NO; is the main end product of nitrification (Saltnes, 2021). Although the expla-
nation for this is unknown, Saltnes (2021) believes that this is caused by competition

between denitirifying phosphate accumulating organisms (DNPAO) and NOB.

Currently, Hias WW'TP have no nitrogen removal requirements. However, the relevance
of the Hias process is dependent on its capability to fulfill such removal requirements.
Therefore, an increase of the N removal is necessary for broadening the Hias process’
target group. Although, the increase in N-removal should not heavily impact the P-

removal.

To achieve higher N removal than what is reached by SND, additional measures must be
introduced to the process. A side-stream nitrification reactor (SNR) was implemented
to increase nitrification, while additional anoxic zones, in the Hias process, following
the SNR was introduced to increase denitrification. Later an additional reactor was
introduced in the side-stream setup, to increase nitrification. SND will contribute to
N removal in the last oxic zones. An estimated 60% removal of the sum of ammonia,
nitrite and nitrate was suggested to achieve Norwegian and European nitrogen removal
requirements of at least 70% reduction of total nitrogen. This proposition was based
on an assumption by Hias that the remaining portion of total nitrogen removal to
achieve 70% reduction was through particle removal in the clarifying steps preceding
and following the Hias process. The setup with a SNR combined with the Hias process
with anoxic zones will likely increase N removal of the Hias process, although high
bsCOD concentrations could pose a problem to the nitrification rate. Other research
questions that will be looked at are what nitrification product that will be dominant
in the SNR effluent, what impacts this will have on the Hias process and whether the
inhibitory effect on NOB are reduced.



2. Background

2.1 VEAS pilot

The VEAS pilot have formerly achieved 40-50% NH, removal during summer months
(Sgrensen, 2021), with high wastewater temperatures. The experimental part of this
thesis happened during January to April, with low wastewater temperatures due to the
season and meltwater intrusion. Therefore lower nitrification rates than during summer

months was expected.

2.2 Biological wastewater treatment

Biological methods for wastewater treatment use microorganisms and their respective
metabolism and growth processes for treatment of wastewater. Activated sludge (AS)
systems treat wastewater by utilization of microorganisms that are suspended in the
wastewater, and therefore the activated sludge systems relies on sedimentation and
sludge recirculation to maintain microorganisms in the reactor (Jeppsson, 1996). Inte-
grated fixed-film activated sludge (IFAS) reactors are an adaptation of activated sludge
systems, using biofilm media to increase microorganism concentrations and treatment
efficiencies, especially for nitrification, but still requiring sludge recirculation (Randall
and Sen, 1996).

2.2.1 Moving bed biofilm reactor

A moving bed biofilm reactor (MBBR) is a type of biological wastewater treatment
process utilizing non-clogging biofilm-covered carriers with high specific surface area,
resulting in compact reactors with low head loss through the process (Odegaard et al.,
1994). MBBR carriers have free movement within the reactor, initiated by aeration
or mechanical stirring to achieve aerobic or anaerobic/anoxic conditions respectively
(Odegaard et al., 1994). To prevent non-uniform distribution of carriers in the MBBR,
degrees of filling are advised not to exceed 70% (Rusten et al., 2006; Ddegaard et al.,
1994). Both MBBR and IFAS systems use some form of biofilm growth media, but in

3



4 CHAPTER 2. BACKGROUND

contrast to IFAS and AS, MBBR require no sludge recirculation.

2.2.2 Biofilm diffusion

Diffusion is a central part of the nutrient transport in and out of the biofilm. Diffusion
is based on transport by concentration gradients between the wastewater and biofilm.
Li et al. (2016) produced concentration profiles of DO, NHJ and NOj for biofilm in an
IFAS system, as seen in Figure 2.1a), showing a concentration reduction of DO and NH;
inwards and a concentration reduction of NO3 outwards as DO and NH} are consumed,
while NOj3 is made. Asshown in Figure 2.1b), Li et al. (2016) also found that a reduction
of bulk DO concentration can result in a relatively higher concentration drop deep inside
the biofilm. The layer between the bulk and the biofilm is called the boundary layer.
According to Lewandowski and Beyenal (2014), the boundary layer can be divided into
the hydrodynamic boundary layer, characterized by decreasing flow velocities caused
by viscous forces near the biofilm surface, and the diffusion boundary layer, similar to
the hydrodynamic boundary layer, but also characterized by concentration gradients
caused by concentration differences between the bulk and the biofilm. For Figure 2.1
the boundary layer refers to the diffusion boundary layer. Because of such gradients,

low DO concentrations can cause little to no DO diffusion into the inner biofilm.

b)
a) 10 10
biofilm boundary  bulk biofilm  boundary  bulk
_______________ . I I = 1 1 DO=8
<~ 8 Lo R . 8 :
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g v ! g |
. 8 L i 2 6 |
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1 I
0 L ' | 1 1 0

0 0.2 0.4 0.6 0.8 0 0.2 04 0.6 0.8
Depth in biofilm (mm) Depth in biofilm (mm)

Figure 2.1: Concentration profiles for a) DO, NHJ-N and NO;-N, and b) for
different bulk DO concentrations, as functions of biofilm depth for an IFAS system.
Acquired from Li et al. (2016).

2.3 Nitrification

Nitrification is a process where NH] is oxidized to NO; and NOj by chemoautotrophic
microorganisms, classified into ammonia oxidizing bacteria (AOB) and nitrite oxidizing
bacteria (NOB) respectively (Pepper et al., 2015). According to Hem (2021), a common
experience for new nitrification reactors is elevated NO, concentrations and low NO3

concentrations during the first period after startup, however over time the NO3z will
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be the main nitrification end product. Nitrification can be summarized in the reaction
equations below:

Ammonia oxidation: NH (aq) + 1,505(aq) — NO; (aq) + 2H " (aq) + H,O(I)

Nitrite oxidation: NOjy (aq) + 0,502(aq) — NO3 (aq)

Total nitrification reaction: NH, (aq) + 205(aq) — NOj (aq) + 2H " (aq) + H,O(1)

According to the equations above, nitrification requires 2 moles of Os per mole ammonia,
but if nitrite is the main end product, only 1.5 moles of O, is required. Considering
the molecular mass of O, is 32.00 g/mole and NH} is 18.042 g/mole, 3.55 mg of Oy is
required per 1 mg of NH; . Since NH} often is measured as NH;-N, and 18.042 g NH}
equals 14.01 of NH; -N the required ratio is 4.57 mg of Oy per 1 mg of NH-N. If nitrite
is the main end product the ratios are 2.66 mg of O, per 1 mg of NH; and 3.43 mg of
O, per 1 mg of NH;-N. It is important to note that the diffusion coefficient of NH is
a bit higher than for O, as this will affect the ratio in-situ (Hem, 2021).

When the DO levels are below the required O, to NHf-N ratio, O, is the limiting pa-
rameter, while for low NH}-N concentrations, NHJ is the limiting parameter. This
relationship between NH} and O, affects the nitrification rate. When there is a very
low concentration, in the wastewater, of the limiting parameter for nitrification (e.g.
NHJ or Oy) a 1% order dependency will occur, causing a linear relationship between the
nitrification rate and the concentration of the limiting parameter. Half order reactions
are dependent on the square root of the concentration of the limiting parameter. For
NH;-N concentrations up to 0.5-1.0 mg/L or for Oy concentrations up to 2 mg/L, a 1%
order reaction will occur, while concentrations above this will cause half order reactions
(Hem, 2021). Hem et al. (1994) studied nitrification of artificial wastewater for MBBR
reactors and found a linear relationship between nitrification rate and DO concentration
for different loads of BOD, as shown in Figure 2.2. ()degaard (2006) presented a rela-
tionship between nitrification and NH -N concentrations for NH; limited nitrification,

as shown in Figure 2.3.

The slow growth rate of nitrifying bacteria compared to heterotrophic microorgan-
isms can cause DO-competition in the biofilm. Researchers have found by simulation
and experimentally that heterotrophic bacteria outcompete nitrifying bacteria in the
outer biofilm, causing a layering with nitrifying bacteria in the deeper biofilm and het-
erotrophic bacteria in the outer biofilm (Wanner and Gujer, 1985; Rittmann and Manem,
1992; Okabe et al., 1995; Okabe et al., 1996). Additionally Ohashi et al. (1995) and
Okabe et al. (1996) found that increasing C:N ratios reduce the portion of nitrifying
bacteria in the biofilm, although at a C/N ratio of 0 the nitrifying bacteria were present
also in the outer biofilm. This is in accordance with the results of Hem et al. (1994),

showing lower nitrification rates when higher BOD loads are supplied.
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Figure 2.2: Curves for nitrification rates plotted against DO concentration for
different organic loads for temperature 15°C. Acquired from Hem et al. (1994).
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2.4 Denitrification

Denitrification is an anoxic process where heterotrphic facultative microorganisms, in
the absence of Oq, use NO3 or NO; as an electron acceptor, thus reducing NO3 or NO5
to No-gas (Odegaard et al., 2014). The microorganisms oxidize organic matter with NO3
and NO; as oxidizing agents when O, is unavailable (Pepper et al., 2015). The organic
matter needed for denitrification could be an internal or an external carbon source,
where the internal carbon source is the organic matter already in the wastewater, while
external carbon could be methanol, ethanol or other easily degradable carbon sources
supplied to the wastewater (Odegaard et al., 2014). According to Ddegaard et al. (2014),
some microorganisms can reduce NOj3 via NO; to Ny, while most will only perform one

of these reactions. The sub reactions of denitrifications are as follows:

Sub reaction 1: 3NO;3 (aq) + CH30H (aq) — 3NO5 (aq) + COs(aq) + HyO(l)

Sub reaction 2: 2NO; (aq) + CH30H (aq) — Na(g) + COs(aq) + HyO(l) + 20H ™~ (aq)
Total denitrification reaction:

6NO;5 (aq) + 5CH30H (aq) — 3Na(g) + 5CO5(aq) + TH2O(l) + 20H ™ (aq)

2.5 Effect of alkalinity on nitrification and denitri-

fication

The pH of the wastewater is affected by nitrification and denitrification, reducing and
increasing the pH respectively. From the chemical equations provided in section 2.3 and
section 2.4, nitrification of 1 mole NH; produces 2 moles H*, while denitrification of 1
mole of NOj3 produces 0.33 moles of OH™. As seen in these equations, in section 2.3 and
section 2.4, no HT or OH™ produced when NO3 is oxidized to NO3 or NO3 is reduced to
NO; . Thus pH change of the wastewater is unaffected by nitrite or nitrate being the end
product of nitrification. Totally nitrification and denitrification of 1 mole NH; produces
a net increase of H* ions of 1.67 moles. To prevent the pH from decreasing rapidly by
this process, the alkalinity, buffer capacity, of the wastewater must be sufficient, or else

the pH will drop when the alkalinity is consumed.

According to Park et al. (2007), the optimal pH for ammonia oxidation is 8.2 4+ 0.3 and
nitrite oxidation is 7.9 + 0.4, while the same study showed that the maximum pH range
for achieving half of optimal nitrification rates is 6.05-10.35 and 6.2-9.6 for ammonia
and nitrite oxidation respectively. Thus half of optimal nitrification rates are mostly
dependent on the pH range for nitrite oxidation, pH 6.2-9.6. The optimal pH range for
denitrification was found by Beaubien et al. (1995) to be within pH 6.5-8.5, although

short term changes of more than + 0.5 within this range affect denitrification negatively.
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Biesterfeld et al. (2003) found that carbonate, CO3, is required for nitrification, since
CO2™ act as an inorganic carbon source for nitrifying bacteria. Therefore, alkalinity,
which for wastewater is often represented by the carbonate system (Shanahan and Sem-

mens, 2015), is important both for cell growth and pH neutralization.

2.6 Enhanced biological phosphorus removal

Enhanced biological phosphorus removal (EBPR) is a biological wastewater treatment
technology for removal of phosphorus compounds, like phosphates, in the wastewa-
ter (Comeau et al., 1986). In anaerobic conditions phosphate accumulating organisms
(PAO) release PO}~ to take up easily biodegradable carbon sources, like volatile fatty
acids (VFA), from the wastewater and store it as Polyhydroxyalkanoates (PHA) (Mino
et al., 1998; van Loosdrecht et al., 1997). When exposed to oxic conditions the PAO
use the stored PHA and O, as electron acceptor to take up a higher amount of PO},
thereby accumulating PO}~ in the cell (Mino et al., 1998; van Loosdrecht et al., 1997).
The EBPR process utilizes these traits of the PAO for phosphate removal, by introduc-
ing the PAO to a cycle of anaerobic conditions and oxic conditions. For AS systems
this is achieved by use of non-aerated reactors followed by aerated reactors and sludge
recycling from the aerated to the non-aerated reactors (Blackall et al., 2002). For the
Hias Process, as described in the introduction, section 1, this is achieved in a similar
fashion by transporting the biofilm carriers from the last oxic zone to the first anaerobic

zone.

2.7 Denitrifying phosphate accumulating organisms

In anoxic conditions some PAO, called denitrifying phosphate accumulating organisms
(DNPAO), can use NOj as oxidizing agent for PO}~ accumulation (Vlekke et al., 1988;
Kerrn-Jespersen and Henze, 1993). According to Saltnes (2021), DNPAO in the Hias
process can utilize both nitrate and nitrite for anoxic PO}~ accumulation. Furthermore
Kuba et al. (1993) found that DNPAO can achieve similar phosphorus removals as
PAO. Ahn et al. (2001) found that DNPAO are able to utilize both NO3 and NO; for
denitrification, however some differences in denitrification rate and efficiency was found,
indicating that NO; was a more efficient electron acceptor than NO; with respect to
PO3™ uptake.

However some researchers have reported inhibition of PAO’s PO?™ uptake when exposed
to high NO3 -N concentrations of 10 mg/L (Comeau et al., 1987), between 5 to 10 mg/L
(Kuba et al., 1996) and between 5 to 8 mg/L (Meinhold et al., 1999). DNPAO have
been found as more resistant to nitrite inhibition than non-denitrifying PAO (Saito et
al., 2004; Yoshida et al., 2006; Saito et al., 2008). Additionally, Zhou et al. (2007) and
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Pijuan et al. (2010) discovered that free nitrious acid (HNO,) is likely the reason for the
inhibition rather than nitrite, inhibiting phosphate uptake at concentrations of 0.002
mg HNO,-N /L. If DNPAO are responsible for some of the denitrification seen in the
Hias process, the stored carbon can be utilized for denitrification without bsCOD in the
wastewater. According to Saltnes (2021) there are not sufficient bsCOD concentrations
in the oxic zones of the Hias process to justify the achieved denitrification, and thus
DNPAO must be contributing to the denitrification.

2.8 Simultaneous nitrification and denitrification

Nitrification and denitrification can occur simultaneously in oxic conditions, as observed
by Kokufuta et al. (1988), when local anoxic zones are available inside the biofilm.

According to Saltnes (2021), NOB are inhibited in the SND of the Hias process, pro-
viding a "short-cut" SND, with denitrification directly from NO;,. The reason for the
inhibition of NOB is not known. However, it is believed to be caused by competition for
NO; between DNPAO and NOB, and possibly helped by the presence of NH}, provid-
ing continuous ammonia oxidation (Saltnes, 2021). When removing nitrite oxidation,
denitrification is achieved with lower COD demand. Theoretically, reduction of NO5
represents 60% of the COD demand of denitrification, resulting in a theoretical COD
demand of 60% compared with denitrification from NOjz. If the inhibition of NOB
carries over to the SNR, mostly NO; will be produced and the COD requirement kept
low, leading to lower consumption of internal carbon storage of the DNPAO. Combining
denitrification with phosphate uptake in the Hias process could result in a lower bsCOD
demand for denitrification, since the DNPAO use internally stored PAH and NOj3 or
NOj; as electron acceptor for phosphate uptake in anoxic conditions. Thus, both PO3~
and nitrogen removal could occur in the Hias process simultaneously by DNPAO, both
in the anoxic zones when NO3 or NO; are available and in the oxic zones within local

anoxic zones in the inner biofilm.






3. Methods

3.1 Facility setup

The influent wastewater has been treated mechanically by inlet screens, sand and grease

removal and primary sedimentation before entering the pilot plant.

The experimental part of this thesis is performed with a pilot scale Bio-P MBBR, hereby
called the VEAS pilot, with a SNR. The VEAS pilot is owned by Hias How20 AS, but
is called the VEAS pilot, since VEAS, a wastewater treatment company based in Asker,
Norway, are part of an ongoing project with Hias How20O AS involving the pilot plant.
The reactor volume is 11 m?® and it is equally compartmentalized into 10 zones with
free flow of biofilm carriers from zone 1 to 10. A conveyor belt transports the biofilm
carriers from zone 10 to zone 1. The carriers, pictured in Figure 4.35, have a hexagonal
honeycomb shape with a thickness of approximately 5 mm, maximum diameter of 18
mm and specific surface area of 800 m?/m?3. The carriers used in the VEAS pilot and the
side-stream reactors were part of a trial batch, produced by a prototype tool, showing
some material weakness when exposed to the propel stirrers of the VEAS pilot (Saltnes,
2021). Therefore, the material quality was not similar to carriers produced in ordinary
production. Although, as I have later been told, this issue with the manufacturing of
the carriers have later been improved by the supplier (Saltnes, 2021), although this does
not affect this thesis. These carriers were used primarily so that the experiments could

start.

The conditions of the first 3 zones are anaerobic, with PO?™~ release and carbon accumu-
lation, mainly easily biodegradable organic compounds like VFA, by PAO and DNPAO.
In the 4"* zone only the wastewater was transferred in and out of the SNR, therefore
zone 4 was a mixed zone and seen as a part of the side-stream setup. A pump was
installed to transfer wastewater from zone 4 to side-stream reactors, thus enabling con-
trol of wastewater flow and retention times in the initial SNR, later BOD-R and SNR.
The pump was coupled with the control box of the VEAS pilot, with a possibility to
control the wastewater flow through the pump by adjusting the frequency the pump

operated on. The goal with zone 4 was to achieve some denitrification under anoxic

11
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Figure 3.1: The carrier used in the VEAS pilot and the sidestream reactors.

conditions to utilize bsCOD of the wastewater, thereby saving internally stored carbon
of the DNPAO. DO rich wastewater from the side-stream reactor/-s could have an effect
on the DO concentration in zone 4. The initial SNR volume was 0.768 m?, with a 60%
degree of filling. The carriers with biofilm (0.461 m?) were moved from the VEAS pilot
to the initial SNR and were confined within the initial SNR. The biofilm was expected

to adapt to the oxic conditons in the initial SNR during a transition phase.

The last six zones were distributed between zones with anoxic and oxic conditions. The
first zones following the SNR, zone 4 and 5, were anoxic with denitrification, prefer-
ably by heterotrophic bacteria utilizing the remaining bsCOD of the wastewater. The
remaining bsCOD after phosphate release by PAO and DNPAO are mainly heavily
biodegradable organic compounds which are difficult for the PAO and DNPAO to utilize.
Although some denitrification by DNPAO should also be expected in anoxic conditions.
The final zones, zone 6 through zone 10, were oxic zones with the main purpose of phos-
phate accumulation. In the oxic zones SND occurred, thus participating in the nitrogen
removal. There had to be a sufficient amount of oxic zones to achieve the necessary
P-removal in the wastewater. The air supply in the different zones were controlled by
DO set points to optimize the SND.

The experimental part of the thesis was divided into a single reactor setup and a two-
reactor setup. For the single reactor setup there was only one side-stream reactor, but
as time went by it began to be clear that there was need for an additional reactor to

achieve sufficient nitrification.

3.1.1 Single reactor setup

During the single reactor setup the biofilm was exposed to wastewater with an average

retention time of 2 hours and 25 minutes and average wastewater flow through the side-
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stream reactor of 316L/h. This was expected to, under the assumption that the bsCOD
in the wastewater was low, give nitrifiers sufficient time to adapt to its new conditions,

while tolerating some bsCOD removal by heterotrophic organisms.
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Figure 3.2: An overview of the MBBR with the initial SNR (single reactor setup)
is shown.

3.1.2 Two-reactor setup

With constantly low nitrification rates over the first 3 weeks of the project it was believed
that the presence of bsCOD in the wastewater entering the initial SNR inhibited growth
of AOB and NOB due to competition for O,. Therefore, the setup was changed to
achieve higher nitrification rates. A two reactor set up was implemented, with two
reactors connected in series. The initial SNR was renamed BOD-R and used for removal
of bsCOD, to stabilize the conditions for nitrification in the following SNR. The SNR
contained a wastewater volume of 0.90 m? and was filled with carriers from the VEAS
pilot to a degree of filling of 60%. While the VEAS pilot was refilled with equivalent
amount of carriers from line 1 of the Hias WWTP full-scale Hias process MBBR, biofilm
and carriers of the same type and with the same function as that of the VEAS pilot.
Although these carriers were produced during ordinary production and thus did not
show any material weakness such as the original carriers in the VEAS pilot. The new
setup is displayed in Figure 3.3. The wastewater volume of the BOD-R was increased to
0.826 m® and filled with carriers from the VEAS pilot to maintain the degree of filling at
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60%. The implementation of the two reactor setup also influenced the pump, decreasing
the flow to about 225L/h, from 316L/h during the single reactor setup.

During the initial adaptation of the SNR, snow melting led to increased hydraulic loads
to the facility, with equivalent reductions in organic and nitrogen loads. To navigate
decreased nitrogen loads the sidestream wastewater flow was increased to 330L/h (at
22.02.2021 11.15 AM). It was striven to keep NH;-N concentrations in the discharge
from the SNR between 3 and 10 mg/L, to secure constant nitrification, but also increase
the retention time in the BOD-R to remove more bsCOD.

SNR |€—| BOD-R

~N

Z5 Z4 | /3 /2 Z1

&«——
In
/6 Z7 /8 Z9 210 |—>

Figure 3.3: The two reactor setup with a BOD-R preceding the SNR.

3.2 Pilot tests

3.2.1 Sampling

During the single reactor setup, samples were taken from each indicated zone in the
VEAS pilot and from the SNR. Each sample was analyzed according to the zone it was
sampled from, as shown in Table 3.1. The samples were analyzed with a spectropho-
tometer, Spectroquant NOVA 60.

sCOD is analyzed instead of BODj, since it is cheaper and faster. It is assumed near
100% reduction of bsCOD at the end of the VEAS pilot. bsCOD in zone i is therefore
approximated as bsCOD = sCOD,; — sCOD .
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Table 3.1: Overview of tests for each zone. Zone numbering refers to the
numbering of Figure 3.2.

Tests Zones

Day 1-5 Day 6-14 Day 15-34
NH;-N 3, 4, SNR 3,4, SNR, 5 3, 4, SNR, 5
NO; -N 3, 4, SNR 3, 4, SNR, 5 3, 4, SNR, 5
NO, -N 3, 4, SNR 3, 4, SNR, 5 3, 4, SNR, 5
sCODM - - 3, SNR
PO3I~-P? - - 3,4, SNR, 5

(1): The COD tests were analyzed 3 hours prior to the other samples.
(2): The POi_—P tests were analyzed 3 hours prior to the other samples.
The numbers 3, 4 and 5 represents the corresponding zones 73, Z4 and Z5.

After changing the facility setup, to the two-reactor setup with both a BOD-R and a

SNR, the sampling and analysis was changed based on the new setup, as shown in Table

3.2. During the first 25 days a smaller amount of samples were analyzed and fewer tests

were conducted for each sample, since the biofilm in the SNR was adapting to their new

oxic conditions. From day 26 the amount of samples and tests were increased.

Table 3.2: New overview of analysis after implementation of BOD-R +
SNR facility setup. Zone numbering refers to the numbering of Figure 3.3.

Tests Zones

Day 4-13 Day 14-25 Day 26-68
NH}-N 3, 4, BOD-R, SNR 3, 4, BOD-R, SNR, 5 In, 3, 4, BOD-R, SNR, 5, 10
NO; -N 3, 4, BOD-R, SNR 3,4, BOD-R, SNR, 5 In, 3, 4, BOD-R, SNR, 5, 10
NO, -N 3, 4, BOD-R, SNR 3,4, BOD-R, SNR, 5 In, 3, 4, BOD-R, SNR, 5, 10
sCODM) In*, 3, BOD-R, SNR, 10* In*, 3, 4, BOD-R, SNR, 10* In, 3, 4, BOD-R, SNR, 5, 10
PO3~-P® In*, 3, 4, BOD-R, SNR, 10*  In, 3, BOD-R, SNR, 7, 10 In, 3, BOD-R, SNR, 7, 10
pH 3, 4, BOD-R, SNR 3, 4, BOD-R, SNR, 5 In, 3, 4, BOD-R, SNR, 5, 10
DO BOD-R, SNR BOD-R, SNR BOD-R, SNR

*: The indicated samples were analyzed 3 hours prior to the other samples.

The numbers 3, 4, 5 and 10 represents the corresponding zones 73, Z4, Z5 and Z10.

"In" represents the inlet wastewater to the pilot plant.

3.2.2 Preparation and analysis of samples

The preparation and analysis of the samples are explained below. All samples were first
filtrated with VWR Glass Fibre Filters, Grade 693. The filters have a particle retention

of 1.2 pm.

NH;-N

For NH-N the Spectroquant Ammonium Cell Test provided by Supelco was used for

analyzing. 1.00 mL of sample was diluted with 3 mL of water (diluted by a factor of
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4 (1:3)). 500.0 L of diluted sample and 1 dose of reagent NHy-1K were added to the

provided cell test tube. Spectrophotemeter signal was read after 15 minutes.

NO;-N

For NO3-N the Spectroquant Nitrate Cell Test provided by Supelco was used for an-
alyzing. 1 provided "microspoon" of reagent NO3-1K was added to the cell test tubes
and shaken to dissolve. 5.00 mL of sample was mixed with 1 measuring spoon, ap-
proximately 50 mg, of amidosulfuric acid provided by Nanocolor. After a few minutes
waiting for the amidosulfuric acid to dissolve, 1.50 mL was added to the cell test tube

and shaken. Spectrophotemeter signal was read after 10 minutes.

NO;-N

For NO; -N the Spectroquant Nitrite Cell Test provided by Supelco was used for ana-
lyzing. Dependent on the day of the week the sample was diluted by a factor of 4 to 50
to achieve a concentration within the measuring range of the spectrophotometer. The
outlet of the SNR required most dilution, while zones before the SNR and zones after
the SNR during adaptation phase required no dilution. 5.00 mL of sample was added
to the cell test tubes, shaken vigorously and spectrophotemeter signal was read after 10

minutes.

sCOD

For sCOD the Spectroquant COD Cell Test provided by Supelco was used for analyzing.
3.00 mL of sample was added to cell test tube, shaken vigorously and heated to 148 °C
for 120 minutes in a thermoreactor, Spectroquant TR 620. Spectrophotemeter signal

was read the cells were cooled down to room temperature, approximately 30 minutes.

PO}~

For PO?™ the Spectroquant Phosphate Test for the determination of orthophosphate
provided by Supelco was used for analyzing. Dependent on what zone the sample is
taken from the samlpe was diluted with water or not. The wastewater entering the
VEAS pilot was diluted by a factor of 2. The wastewater from zone 1 to the last
anoxic zone was diluted by a factor of 10, while samples from the oxic zones required
no dilution. 5.00 mL solutions were made from each zone except zone 10 where 10.00
mL was required. The samples were added 5 drops of reagent PO4-1 per 5.000 mL of
diluted sample and 1 dose of reagent PO4-2 per 5.00 mL of diluted sample. The samples

were shaken and spectrophotemeter signal was read after 5 minutes.
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Tot-P

For Tot-P the Spectroquant Phosphate Cell Test for the determination of orthophos-
phate and total phosphorus provided by Supelco was used for analyzing. 5.00 mL of
diluted sample and 1 dose of reagent P-1K was added to the cell test tube, mixed and
heated to 120 °C for 30 minutes in a thermoreactor, Spectroquant TR 620. The cell test
tube was cooled down, shaken, added 5 drops of reagent P-2K and 1 dose of reagent
P-3K and then was shaken vigorously again. Spectrophotemeter signal was read after 5

minutes.

Total alkalinity

The total alkalinity tests was not done by me, but by the staff of Hias WWTP after I
had left the facility, although the reactor setup continued after my departure, as a part

of their own testing. I was then given data for 10 days of testing for total alkalinity.

For total alkalinity the Spectroquant Acid Capacity Cell Test to pH 4.3 (total alka-
linity) provided by Supelco was used for analyzing. 1.00 mL of sample and 4.00 mL
of Reagent AC-1 was added to a clean cell and mixed. 0.50 mL of Reagent AC-2 was
then added to the solution. The solution was shaken and spectrophotemeter signal was
read. The analysis result was given as "acid capacity to pH 4.3, Kgs3" in mmol/L.

This was converted to mmol CaCO3/L (as 1 mmol/L of Kgy 3 corresponded to 0.5mmol
CaCOs3/L).

3.3 Laboratory batch test

During the experimental stage laboratory batch tests were utilized for assessment of

nitrification and denitrification rates of the biofilm carriers.

3.3.1 Nitrification rate of the SNR compared with the VEAS
pilot

For evaluation of the progress of the biofilm adaptation in the SNR, a laboratory batch
test was performed. Wastewater with low bsCOD content and relatively high NHj
content from zone 8 in the VEAS pilot was used in both batch reactors. The nitrification
rate of biofilm carriers from the SNR and the VEAS pilot were compared during the
experiment, testing for NHJ-N and PO} -P every 30 minutes and COD in the initial
wastewater and in each batch reactor after 200 minutes. DO concentration in each batch

reactor was measured every 30 minutes, simultaneously with the sampling.

The second batch test was performed similar to the first, but by accident the stirrers
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were turned off. After 150 minutes the stirrers were turned on.

A different approach towards the laboratory batch test was conducted due to the results

of the first and the second laboratory test.

3.3.2 Laboratory batch test comparing stirring to no stirring

For evaluation of the hydraulic conditions in the SNR two laboratory batch experiments
comparing stirring to no stirring was preformed. Wastewater from zone 7 with high
ammonia and low bsCOD was used in both jars with 60% degree of filling of carriers from
the SNR. One jar was mixed by stirring and aeration, while the second jar was aerated
only. A grab sample of the starting wastewater was taken before startup. Samples were
taken every 30 minutes. For the first test slow stirring was compared to no stirring,

while the second test compared rapid stirring to no stirring.

3.3.3 Laboratory batch test comparing inlet wastewater to the

SNR with artificial wastewater

To investigate if the reason for low nitrification rates in the SNR are caused by the com-
position of the wastewater, a laboratory batch test was conducted comparing prepared
ammonia rich raw water with the outlet wastewater of the BOD-R. The ammonia rich
raw water was prepared by addition of NH4*Cl and NaHCO3 to lake water from Mjgsa
to increase NHJ-N concentrations and have sufficient alkalinity for nitrification of the
added NHJ. 160 mg NH4*Cl and 2g NaHCO3; were added per liter lake water. The
jars were mixed by aeration only, and held under similar conditions. Sampling was done
every 30 minutes. This was done two times, as addition of alkalinity was forgotten for
the first try.

3.4 Other tests

3.4.1 Testing biomass on the carriers

For a quantitative test of biological growth on the carriers in the BOD-R and the SNR a
test was conducted comparing them with the carriers from the VEAS pilot. 20 carriers
with biofilm was dried at 110 °C for 22 hours and weighed. Then the carriers were
shaken in 50 mL 0.05 mol/L NaOH solution for 2.5 hours to separate the carriers and
biofilm. The carriers were then washed with 100 mL water and dried at 110°C for 22
hours and weighed. The biomass was then calculated. The washing liquid, 50 mL. NaOH
solution, was added the wash water and 50 mL 0.05 mol/L HCI solution. 2 mL of this
liquid was added 18 mL of water and analyzed for Tot-P.



4. Results and discussion

4.1 General comments on the wastewater character-
istics
4.1.1 Load differences on the VEAS pilot

The VEAS pilot received relatively stable hydraulic loads during the experiments, how-
ever two incidents during the time period led to an increase of the hydraulic load. The
cause of the higher hydraulic loads, shown in Figure 4.1 for the first 8 days and after 34

to 42 days was snow melting, leading to cold, diluted wastewater.
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Figure 4.1: The average daily hydraulic loads on the VEAS pilot, for the 68 days
of operation of the two-reactor setup.

The wastewater temperatures for the VEAS pilot and sidestream reactors are shown
in Figure 4.2. The low temperatures during the first week and from day 34 to 44

corresponds to the periods with higher wastewater flow, caused by snow melting.

19
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Figure 4.2: Wastewater temperatures for the VEAS pilot and side-stream reac-
tors, for the 68 days of operation of the two-reactor setup.

The organic loads, given as nutrient concentrations, for the 68 days of operation of the
two-reactor setup are shown in Figure 4.3 and 4.4. The concentration of all nutrients
were not measured in the influent to the VEAS pilot before day 26, and thus the figures
start at this day. The hydraulic load during the period is relatively stable, except for the
snow melting periods during the first 8 days and from day 34 to 42 of the operation of
the two-reactor setup, Figure 4.1. Thus, the fluctuations of the influent concentrations

to the VEAS pilot are representative of the loads to the VEAS pilot.
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Figure 4.3: Ammonia and sCOD loads, given as nutrient concentrations, for the
influent of the VEAS pilot, for day 26-68 of operation of the two-reactor setup.
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Figure 4.4: Nitrite, nitrate and phosphate loads, given as nutrient concentrations,
for the influent of the VEAS pilot, for day 26-68 of operation of the two-reactor
setup.

4.1.2 Wastewater quality in and out of the BOD-R and SNR

The sCOD load in the BOD-R was normally much higher than for the SNR, as seen
in Figure 4.5. This is as expected, since the primary goal of the BOD-R is bsCOD
removal, and thus the sCOD load to the SNR will decrease. Most of the bsCOD in the
side stream wastewater was consumed in the BOD-R, while only a little bsCOD was
consumed in the SNR, as seen in Figure 4.6. In some cases the bsCOD in the effluent of
the SNR was higher than in the influent, shown by negative values in Figure 4.6, which
is either caused by bsCOD release in the SNR, from the biofilm, by uncertainty of the
cell test analysis or by small load differences, due to the side stream reactors having an

average retention time of a little more than 5 hours.
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Figure 4.5: Comparison of the sCOD loads to the BOD-R and the SNR from
day 26 to 68 of the two-reactor setup.
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Figure 4.6: Comparison of the bsCOD consumption in the BOD-R and the SNR
from day 26 to 68 of the two-reactor setup.

Figure 4.7 clearly depicts the daily fluctuation in PO3™-P load to the side-stream setup
throughout the week - with an increase from Monday trough Tuesday and stabilizing on
Wednesday. To further show this relationship clearer, Figure 4.8 show the change of load
in a typical week. The low loads during the first week are caused by high hydraulic load,
from Figure 4.1. These PO} -P loads are a result of PO?™ release in zone 1 through 3

(the anaerobic zones). Thus, the loads and variation in loads shown in Figure 4.7 are
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higher than for the influent to the VEAS pilot.
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Figure 4.7: Comparison of the PO?[—P loads to the BOD-R and the SNR from
day 5 to 68 of the two-reactor setup.
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Figure 4.8: Comparison of the POi_—P loads to the BOD-R and the SNR from
day 32 to 36 (one week) of the two-reactor setup.
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4.2 Pilot plant performance

4.2.1 Nitrification rates of the SNR

Single reactor setup (initial SNR)

The term "initial SNR" refers to the "single reactor setup". Figure 4.9 shows nitrification
rates of the initial SNR. The results show a rapid decrease of nitrification rate during
the first days, but a slow and steady increase during the following weeks. The DO
concentrations in the wastewater in the initial SNR were not recorded during the first
two weeks of operation, however it was kept between 7-8 mg O, /L during this time.
After 15 days the DO-concentrations were noted, as could be seen in the appendix, and
during this time period the DO-concentrations were kept between 7.4 and 8.5 mg Oy/L.
There is therefore no dramatic decrease of DO concentrations in the wastewater during
the operation of the initial SNR. However the drop in nitrification rate after 4 days

indicates a change of conditions for nitrification.

High sCOD loads was supplied to the initial SNR from the wastewater in zone 4 of the
VEAS pilot, shown in Figure 4.10. Primarily easily biodegradable organic matter (e.g.
VFA) is consumed by PAO during the first three anaerobic zones of the VEAS pilot, and
thus it is to be expected that more heavy biodegradable organic matter was supplied to
the initial SNR. From theory it is known that an abundant supply of bsCOD and O,
favors growth of heterotrophic bacteria. It is therefore likely that the conditions in the
initial SNR was favoring heterotrophic growth, causing O, consumption by heterotrophic
bacteria and thus Os competition between heterotrophes and nitrifying bacteria. A rapid
increase of biofilm thickness on the carriers in the initial SNR was observed during the

operation, backing up this hypothesis.

This could indicate that the diffusion of Oy into the biofilm, and to the nitrifying bac-
teria, was reduced, causing lower O concentrations in the inner biofilm. This could
lead to very low O, concentration, limiting the nitrification, and thus cause a 1% order
dependency between nitrification and DO concentration. It is likely that before this
happened, from day 1 to 3, there was higher Oy diffusion to the inner biofilm, causing

higher O, concentrations and a half order dependency between nitrification and Os,.

The weekly differences could be explained by the weekly differences in organic load,
increasing from Monday through Friday. It is very likely that the low nitrification
rate is caused by high competition and growth of heterotrophic bacteria, inhibiting the
nitrifying bacteria, due to the conditions in the initial SNR with abundant bsCOD and
O, supply. The heterotrophic bacteria consume O, thus reducing the diffusion of O,

into the inner biofilm. The relationship between DO-concentration, organic load and
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Figure 4.9: Nitrification rate in the initial SNR (single reactor setup). The DO
concentrations were kept between 7.4 to 8.5 mg/L during the 35 days of operation.
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Figure 4.10: The sCOD loads to the initial SNR from day 15 to 35 of the single-
reactor setup.

nitrification rates found by Hem et al. (1994), shown in Figure 2.2, show that an increase
of organic load in the wastewater has a big impact on the achievable nitrification rates.
This support that the high bsCOD loads could have an effect on the nitrification in the
initial SNR. A growth of heterotrophic bacteria on the carriers is also indicated in the
results from Figure 4.11b), indicating that there was a significant growth of heterotrophic

bacteria on the biofilm.
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Two laboratory batch reactor tests were performed to compare the nitrification of the
carriers in the VEAS pilot and the carriers in the initial SNR. The first laboratory batch
test, Figure 4.11a), shows no substantial difference between the carriers in the initial
SNR and the VEAS pilot. The second laboratory batch test, Figure 4.11b), shows lower
nitrification rate of the initial SNR carriers than the VEAS pilot carriers. However,
when the stirrers were turned on after 150 minutes, both SS in the wastewater and

nitrification increased rapidly during the last 30 minutes of the test.

During the experiment shown in Figure 4.11a) the batch reactor containing the initial
SNR carriers had significantly higher SS in the wastewater than the other batch reactor.
It was believed that this was either due to dissimilar SS content of the initial wastew-
ater or higher bacterial growth on the initial SNR carriers. However, for the second
laboratory batch test, Figure 4.11b), this did not occur until after 150 minutes, when

the stirrers were turned on.
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Figure 4.11: Nitrification rate of carriers from single reactor setup initial SNR
compared with carriers from the VEAS pilot after a) 2 weeks operation and b) 4
weeks of operation. For b), the stirrers were turned on after 150 minutes.
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That could indicate higher bacterial growth on the initial SNR carriers, consisting pri-
marily of heterotrophic bacteria, leading to lower DO diffusion for the initial SNR carri-
ers than the VEAS pilot carriers, as discussed previously in this section. If the nitrifiers
are located deeper in the biofilm than the heterotrophic bacteria, which is likely due
to the heterotrophic bacteria’s competition advantage with high sCOD load to the ini-
tial SNR. This would explain the initial low nitrification rate. When the stirrer were
turned on the SS increased, probably due to excess biofilm releasing from the initial SNR,
carriers, leading to easier DO diffusion to nitrifiers and therefore a higher nitrification

rate.

Therefore, maintaining a slimmer biofilm could lead to higher nitrification rates. How-
ever, according to Saltnes (2021), Hias IKS has seen this in relation to PO}~ removal in
laboratory scale batch experiments, without being able to obtain the same conditions in
pilot or full scale. Nevertheless, this backs up the hypothesis that the low nitrification
rates are induced by heterotrophic growth on the carriers in the initial SNR, leading to

low Os supply to the nitrifiers within the biofilm.

Two reactor setup (BOD-R and SNR)

The nitrification rates of the SNR usually out-compete the nitrification rates of the
BOD-R, as shown in Figure 4.12, except for a few incidents where the SNR nitrfication
rates were reduced due to DO reduction. Overall, the nitrification rates of the BOD-R
are lower than for the SNR, due to higher bsCOD concentrations fed to the BOD-R,
continuing the trend seen in Figure 4.9 from the single reactor setup, averaging at 0.11
g/m?d, compared to the SNR which achieved an average nitrification rate of 0.33 g/m?d.
The effect of bsCOD and NHJ loads to the SNR is further assessed later in the following
sub-sections. The nitrification rates in the SNR are more variable due to variations in
DO concentrations in the SNR, as discussed in the following sub-section and shown in
4.13, and therefore cannot be directly compared with those for the BOD-R, but it is clear
that the nitrification rates are much higher. This corresponds with what is expected
from the literature, since the BOD-R was fed higher bsCOD loads than the SNR, thus

influencing the nitrification rates.
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Figure 4.12: The nitrification rates of the BOD-R and the SNR during the
operation of the two-reactor setup.

4.2.2 Effect of DO concentrations and temperature on nitrifi-

cation rates

Figure 4.13 shows a clear connection between DO and ammonia removal in the SNR.
The air supply to the SNR is connected to the same fans as the VEAS pilot aerated
zones. The SNR can experience small DO fluctuation due to aeration changes in the

VEAS pilot.

After 32 days DO was changed from 8 to 4 mg/L, with a clear drop in the nitrifica-
tion rate. This shows that the biofilm is showing expected behavior to changes in its
environment. The DO concentration in the wastewater was reduced to a half while the
nitrification rate was reduced to approximately a quarter. This indicates that the reduc-
tion in O, diffusion into the biofilm is reduced more than expected for a thin biofilm.
This supports that the biofilm has an outer layer of heterotrophic bacteria reducing
O, diffusion by its thickness and consumption of O,. From the way the nitrification
rates changes with the DO concentration change, it is clear that the nitrification rate is
dependent on the DO.

During the same time frame, from day 34 to 42, the period with snow melting resulting
lower wastewater temperatures and higher hydraulic load was occurring, as seen when
comparing the results from 4.14, 4.1 and 4.2. Although, there is a temperature reduc-
tion shortly after the DO concentration change, the effect of the reduction of DO seems
to be more significant. However, according to theory nitrification is also temperature

dependent, and an effect of the temperature change should be expected on the nitrifica-
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tion rate. It is however, with the current data, difficult to separate the effects from DO
and temperature and likely a combination of DO and temperature reductions could be
the cause of the significant reduction of nitrification rate, both for the initial reduction

and the continued low nitrification rates during the snow melting period.
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Figure 4.13: Relation between DO concentration and nitrification rate in the
SNR during the two-reactor setup.

4.2.3 Effect of ammonia and sCOD loads on nitrification rates

Figure 4.14 shows a comparison between the NH} -N loads on the SNR and the nitrifica-
tion rates observed. As we can see from these results the nitrification rates for some days
are optimal compared with the ammonia load, while for most days the ammonia load
is higher than the nitrification rate, resulting in incomplete nitrification. This indicates
that the nitrification rate, at least for some days, are dependent on the ammonia load.
Although, as seen in Figure 4.13, the nitrification rate shows a higher dependency of

the DO concentration and temperature.

The same comparison is made between the nitrification rates and the sCOD loads to
the SNR, shown in Figure 4.15. If the sCOD load had a significant impact on the
nitrification rates, the nitrification rates would reduce with higher sCOD load, but
according to these results the nitrification rate does not seem to be much affected by
this. This could indicate that the bsCOD fraction of the sCOD load is small, and that
there is little competition of Oy between heterotrophic microorganisms and the nitrifiers.
Thus, the BOD-R seems to be performing as intended, reducing the bsCOD load to the
SNR.
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Figure 4.14: Relation between NH}-N loads and nitrification rates in the SNR
for the two-reactor setup.
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Figure 4.15: Relation between sCOD loads and nitrification rates in the SNR
for the two-reactor setup.

4.2.4 Denitrification

After the implementation of the two reactor setup, the denitrification relative to nitri-
fication in the SNR was reduced compared to the initial SNR, as seen when comparing
the results from Figure 4.16 and Figure 4.17. The main reason for this is likely caused
by a reduced O, competition in the SNR, caused by the bsCOD removal prior to the
SNR, resulting in higher nitrification and which was not the case for the inital SNR.
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Figure 4.16: Nitrification given in terms of NHJ-N nitrified and NO; -N denitri-
fied by the SNR for the two-reactor setup. The denitrification in zone 4 and 5 is
not accounted for in this plot.

As shown in figure 4.17, both nitrification and denitrification occurred in the initial
SNR. Between 50-90% of the nitrified NHJ is denitrified in the initial SNR. This in-
dicates that the carriers already had a significant amount of heterotrophic denitrifying
bacteria, which should be expected when having heterotrophic bacteria and nitrifica-
tion (Hem, 2021). Wastewater treatment plants have observed that denitrification will
occur in wastewater sludge under anoxic conditions when nitrification has previously
occurred (Hem, 2021). Having SND is advantageous for multiple reasons. First, denitri-
fication in the initial SNR lowers the demand for anoxic zones following the SNR, while
simultaneously clearing up space for oxic zones for PO~ uptake and more SND. Sec-
ond, denitrification by heterotrophic bacteria will utilize some of the less biodegradable
bsCOD, reducing the demand for internal carbon usage by DNPAO, which is assumed
to be a limiting parameter for the overall denitrification of the plant. And third, utiliza-
tion of bsCOD for denitrification will reduce the demand for addition of external carbon

sources if the internally stored carbon by DNPAO is insufficient.

Figure 4.18 show a comparison of nitrification and denitrification in the BOD-R. When
comparing these results with the results from the initial SNR, we can see that the trend
of high ratio of denitrification to nitrification is continued. This shows that the SND
in the BOD-R continued after the implementation of the two-reactor setup, with the
advantages this involves. The period from day 36 to 48 corresponds with the snow-
melting period, causing high hydraulic loads and lower wastewater temperatures. This

is likely the reason for the low denitrification during this period.
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Figure 4.17: Nitrification given in terms of NHJ-N nitrified and NO, -N deni-
trified by the initial SNR (single reactor setup) during the time frame of 15 to 35
days of operation. The denitrification in zone 4 and 5 is not accounted for in this

plot.
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Figure 4.18: Nitrification given in terms of NHJ-N nitrified and NO; -N denitri-
fied by the BOD-R for the two-reactor setup.

4.2.5 Overall nitrogen removal

The relative NH-N removal of the pilot during the last five weeks of operation, as seen
in Figure 4.19, averaged at 54% NHJ-N removal. However the average was increased to
57% for the last four weeks of operation. When considering soluble nitrogen removal, as
NHJ-N, NO;-N and NO3-N, in the wastewater, from influent to effluent, the removal
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efficiency is as described in Figure 4.19. The relative nitrogen removal, when considering
ammonia, nitrite and nitrate is a bit lower than the relative removal of ammonia, and
averages at 54% for the last four weeks. The average removal from day 26 to 68 is
52%. This shows the impact of there being some nitrite and nitrate left in the effluent,

however the two plots for ammonia and nitrogen removal follow each other closely.
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Figure 4.19: Ammonia and nitrogen (as ammonia, nitrate and nitrite) removal
given in percentages for the VEAS pilot with side-stream reactors during the last
six weeks of operation of the two-reactor setup.

4.2.6 DO and denitrification - zone 4

The DO rich efluent from the SNR is discharged into zone 4. Zone 4 is operated as an
anoxic zone, and it is therefore preferred to keep the DO concentration as low as possible.
By measuring the DO concentration in zone 4, it was found that the DO concentration
did not rise above 0.33 mg/L. When blending wastewater from zone 3 and the SNR at the
ratio relative to the flow, it would be expected to see DO concentrations of approximately
2.75 mg/L, assumed there is no DO in zone 3, Tmg Oy /L in the SNR effluent and no
O, consumption in zone 4. A significantly lower DO concentration is seen, which could
be partly caused by O, consumption by the biofilm formed in the connecting pipe, but
mainly by continuous Oy consumption in zone 4, thereby preventing the DO content to

rise.

Figure 4.20 shows that the measured NO,-N concentrations for the first 20 days are
much lower than the calculated concentrations of the combined influent from zone 3

and SNR. The same applies for the measured NO3-N concentrations from day 10, as
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seen Figure 4.21. The calculated concentrations are estimated by using a weighted
arithmetic mean for the concentrations of zone 3 and the SNR, weighted on the volume
flux contributed to zone 4. The volume fluxes from the SNR were measured each day,
while the volume fluxes from zone 3 were approximated as the average volume flux
through the VEAS pilot, thus giving an underestimation of the calculated concentration,

since the out-flux to the BOD-R was not considered.

For the parts where there is no significant difference between measured and calculated
concentrations, the last 50 days and the first 10 days for NO; -N and NOj respectively,
the most probable explanation is that the influent concentrations in these instances are
so low that they are limiting for denitrification of this part of the nitrate and nitrite
respectively. From Figure 4.21 one can observe that on most days there is nitrate left
in zone 4, which according to Figure 4.23 is mostly denitrified in zone 5, indicating that
the denitrification in zone 4 is not complete. As seen in Figure 4.22 and 4.23 there is
a reduction of NO; and NOj3 from zone 4 to zone 5, confirming that denitrification
occurs in both of the anoxic zones. For both zone 4 and zone 5 the NO; and NOgz
concentrations are very low, causing anaerobic conditions. Although, as should be

expected, this happens more often in zone 5.

The Os supply to zone 4 will cause some Oy consumption in zone 4 either by het-
erotrophic organisms or by PAO/DNPAO. The O, supply of approximately 3 mg Oy /L
to zone 4 will correspond to an equivalent SCOD consumption of approximately 3mg
Oy/L, however the carbon source could be both the sCOD in the wastewater and inter-
nally stored PAH in PAO/DNPAO. From theory it is known that oxic conditions will
impact denitrification, since O is the preferred electron acceptor when both O, NO3
and NOj are available. Oxic conditions in zone 4 will therefore impact the denitrifying
bacteria. This should mainly affect the outer biofilm, due to O4 diffusion and consump-
tion. Although denitrification is observed in zone 4 it is not complete. Due to the factors
addressed above and the presence of nitrate in the efluent from zone 4, denitrification
might be affected by the Oy supply to zone 4, however to what extent denitrification is
affected is difficult to say with the data available.
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Figure 4.20: The calculated and measured NO;-N concentrations in zone 4,
during the two-reactor setup. The calculated concentrations are given no denitri-
fication in zone 4.
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Figure 4.21: The calculated and measured NO3-N concentrations in zone 4,
during the two-reactor setup. The calculated concentrations are given no denitri-
fication in zone 4.
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Figure 4.22: Comparison of NO, -N concentrations in zone 4 and 5, during the
two-reactor setup.
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Figure 4.23: Comparison of NO; -N concentrations in zone 4 and 5, during the
two-reactor setup.
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Figure 4.24 and 4.25 show the relationship between nitrate and bsCOD concentration
change and between phosphate and bsCOD concentration change in zone 4 compared to
the calculated influent from zone 3 and the SNR combined. The bsCOD concentration
change is very low relative to NO3-N concentration change, less than 1 mg sCOD/mg
NOg3-N, for a quarter of the days studied. Thus, bsCOD concentration change dur-
ing these days are not sufficient to explain all of the denitrification, as according to
Saltnes (2021) a rato of about 4 mg sCOD/mg NO3-N is theoretically necessary for
denitrification. During the other days this concentration change ratio is above 4 mg
sCOD/mg NO3-N. As discussed earlier in this section, the DO of the influent to zone
4 is expected to cause some bsCOD consumption by heterotrophes with O, as electron
acceptor, Although, this should not be expected to cause a significant sCOD concentra-
tion difference, as the DO load supplied to zone 4 is less than 3 mg Oy /L. Additionally
from Figure 4.25 PO3™ release is observed in zone 4, and thus some bsCOD consumption

should be expected to occur by PO3™-P release.

From Figure 4.25 it is observed that for the majority of days studied (approximately
2/3 of the days) there is a PO}~ uptake in zone 4. The PO}~ uptake could be related
to both the Os load supplied from the SNR and denitrification by DNPAQO. Due to the
relatively low Oy supply from zone 4, it is likely that the majority of O, is consumed
by heterotrophic microorganisms, however oxic PO3™-P uptake cannot be disregarded
based on the results available. The results from figures 4.24 and 4.25 show a tendency

of DNPAO contributing to denitrification in zone 4, however the results are not unam-

biguous.
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Figure 4.24: Comparison of NO;-N and bsCOD concentrations differences be-
tween wastewater in zone 4 compared to the calculated influent from zone 3 and
the SNR combined, during the two-reactor setup.
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Figure 4.25: Comparison of PO?{—P and bsCOD concentrations differences be-
tween wastewater in zone 4 compared to the calculated influent from zone 3 and
the SNR combined, during the two-reactor setup.

Differences in bsCOD and PO}~ -P concentrations between zone 4 and 5 can give some
insight to what happens during the denitrification in zone 5. Figure 4.26 shows variations
between bsCOD concentration differences between zone 4 and 5, with both increasing
and decreasing bsCOD concentrations. The same is seen for the PO3 -P concentration
differences, which vary between release and uptake between the zones. On average there
is a slight reduction of 6.8 mg/L in bsCOD concentration, while the average PO} -P

concentration change is an insignificant 0.3 mg/L.

The reason for the bsCOD concentration differences could be a combination between
uncertainty related to sCOD measurements, but also could be caused by denitrification,
as there is a tendency of more reduction of bsCOD than increase, especially for the
last three to four weeks of the experiment. The reason for the fluctuations in PO} -
P concentration could also be influenced by denitrification, namely denitrification by
DNPAO which will cause an uptake of PO3~. This PO?~ could then be released into
the wastewater by uptake of easily biodegradable bsCOD by DNPAO, thus resulting in
little difference of PO} -P concentrations. The results shown in figure 4.22 and 4.23,
show that the NO;-N and NOg3 -N concentrations are low, causing anaerobic conditions
which is favoring phosphate release, but sometimes the concentrations are higher, caus-
ing anoxic conditions which enables phosphate uptake by DNPAO. However, since the
concentration difference is varying between uptake and release from zone 4 to 5 it is
difficult to verify this, but there could be a tendency of this occurring which could be
studied further.
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Figure 4.26: Difference between bsCOD (left) and PO3™ (right) concentrations
in zone 4 and zone 5 during the two-reactor setup. A negative value represents a
concentration decline.

4.2.7 Overall phosphate removal

The PO3™-P concentrations of the effluent of the VEAS pilot from day 26 to 68 of op-
eration with the two-reactor setup is shown in Figure 4.27. The PO3™-P concentrations
in the effluent of the VEAS pilot was on most days below 0.3 mg/L and above 0.5 mg/L
only one day out of the 24 days when analysis of the efHuent was performed. This day
was the first day of the snow melting period, when the water temperature was low and
the hydraulic load high. The relative removal of PO}~ -P from influent to effluent was in
this period above 95%, except for the first day of snow melting where the removal was
85%. This show that during the operation the PO3™-P removal was not significantly

negatively impacted.
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Figure 4.27: Phosphate concentrations of the efluent of the VEAS pilot during
day 26 to 68 of the operation of the two-reactor setup.

4.3 Biofilm adaptation

4.3.1 Carrier condition

Many of the carriers in the SNR are misshaped caused by damage in the VEAS pilot
before introduction to the SNR, as seen in Figure 4.28. As described during the method
description, section 3, the carriers are damaged in the VEAS pilot due to low material
quality caused by production with a prototype tool. The misshaped forms result in lower
area to volume ratios for the carriers, however the average area to volume ratio of the
carriers are not known and likely it would not be very far below 800 m?/m?, and thus
result in a very little influence on the results. If the average specific surface area of the
carriers were known, this would affect the calculated nitrification rates, resulting in a
slight increase. How big this influence is on the results is difficult to estimate, but when
considering the representative selection in Figure 4.28 one can see that the influence
of the misshaping is not very big. The observed nitrification rates are therefore likely
somewhat lower than the actual nitrification rates due to lower effective biofilm area in

the SNR, than what has been used during the calculations.

For a quantitative assessment of the reduction in specific surface area of the carriers
the following criteria were used: Each cell in each carrier was given a status of "not
damaged" or "damaged", where the specific surface area of a "damaged" cell was counted
as 0. A cell was counted as "damaged" when; (1) the outer cell wall was missing, (2)

the cell was squeezed to half the size or less. When multiple cells were squeezed to
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Figure 4.28: A representative selection of carriers from the SNR (two-reactor
setup), showing some deformation.

approximately half of the original size on the same carrier, not all of the cells were
counted. Additionally, when only a small piece of the outer cell wall was missing the
cell was counted as "not damaged'. Each carrier has 37 cells where the biofilm can
grow. For the 64 carriers pictured in 4.28 this equals a total of 2368 cells. Among the 64
carriers a total of 269 were considered "damaged". Thus, a reduction of specific area of
approximately 11% was observed for this assessment, corresponding to a specific surface

area of 710 m?/m? (instead of 800 m?/m?).

Although this is not a perfect method for assessing the reduction of specific surface area,
being somewhat subject to what is counted as a damaged cell and how a damaged cell
should be counted, it is a good approximation. There are also uncertainty regarding
how much influence a deformation in a cell has on the specific surface are of the cell. If
the reduction of specific surface area is 11%, as was approximated, the nitrification rates
should be expected to be influenced correspondingly. This is however not considered

during the other analysis and a surface area of 800 m?/m? have been used.
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4.3.2 Comparison of SNR and VEAS characteristics

Figure 4.29 shows about similar nitrification rates for the carriers from the VEAS pilot
and the SNR. The fast declination for the SNR carriers can be explained by dissimilar
startup concentrations, thus the grab sample not being representative for the wastewater
in both batch reactors. Such a difference is seen in later laboratory tests and it is likely
the case for this test as well. It must be assumed that the temperature of the wastewater
in the two batch reactors are similar, as the same wastewater has been used. The DO
concentration were kept around 8 mg O, /L, although the average DO concentration in
the batch reactor with the SNR carriers were approximately 0.1 mg Oy /L lower than for
the batch reactor with VEAS carriers. Disregarding the sample taken after 0 minutes,
the average nitrification rates are 0.46 and 0.40 g NH;-N/m?d for the VEAS pilot and
the SNR respectively. Not much improvement in regards to the nitrification rate for the
carriers is therefore seen 5 weeks after start up of the SNR. One reason for this could
be that even with an increase of nitrifiers in the biofilm, an increase of heterotrophic
growth on the biofilm, possibly caused by different hydraulic conditions in the SNR,
have canceled out the positive effects of more nitrifiers. Without stirring in the SNR
the biofilm has been allowed to grow visibly thicker, primarily by heterotrophic growth

induced by aeration and some bsCOD from the inlet wastewater.
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Figure 4.29: Nitrification by carriers from SNR compared with carriers from the
VEAS pilot after 5 weeks of operation of the two-reactor setup.
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4.3.3 Nitrification adaptions in the SNR

During the first week after starting the SNR, the nitrification by NOB was inhibited, but
as seen in Figure 4.30 the NO5-N concentration in the SNR effluent decreases after the
first week, gradually being replaced by higher NO3-N concentrations. This change in
the biofilm, from short-cut nitrification to regular nitrification results in a higher bsCOD
requirement for denitrification. This development is normal for startup of nitrification

reactors, as commented earlier.
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Figure 4.30: Developement of NO; -N and NOz -N concentrations in SNR effluent
during the first 68 days of operation for the two-reactor setup.

4.3.4 Quantitative biomass test

As seen in Figure 4.31 the appearance of the biofilm between the reactors are different
in color and volume. The carriers from the VEAS pilot appears to have the least
biomass, followed by the SNR and the BOD-R with most biomass. However, according
to the results from the quantitative test, Figure 4.32, the biomass of the VEAS pilot
carriers are equal to the BOD-R carriers, while the carriers from the SNR had lowest
biomass. The qualitative and quantitative results contradict each other, and it seems
that the color difference between the reactors could have an impact on the qualitative
assessment of biomass amount. However, the color differences also indicate that the
biofilm adaptation, as expected, has led to a different bacterial composition which could
cause a different biofilm density, but also different diffusion rates. Voluminous biofilms
could be caused by an increased presence of filaments in the biofilm, resulting in more

internal water storage (Hem, 2021).
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Figure 4.31: Wet, dried and cleaned carriers from a) the VEAS pilot, b) the
BOD-R and c) the SNR, for the two-reactor setup.
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Figure 4.32: The biomass content relative to carrier mass for carriers the VEAS
pilot, the BOD-R and the SNR, for the two-reactor setup.

4.4 Laboratory batch tests

4.4.1 Effects of stirring on nitrification rates

Figure 4.33 shows no significant difference between stirring and no stirring, with nitri-
fication rates of 0.66 and 0.69 respectively. The laboratory batch tests, show higher
nitrification rates than what is achieved in the SNR, which is likely caused by higher
wastewater temperatures, as the wastewater is warmed up when exposed to the warmer
air temperatures in the laboratory. Some time during the last 30 minutes of the test,
the nitrification conditions for slow stirring changed from oxygen dependent to ammo-

nia dependent, and the sample taken after 150 minutes is therefore disregarded for the
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calculation. Figure 4.34 shows slightly higher nitrification rates for rapid stirring than

for no stirring, with values of 0.65 and 0.59 (alternatively 0.93 and 0.79) respectively.
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Figure 4.33: Nitrification by carriers from SNR with and without slow stirring
after 8 weeks of operation of the two-reactor setup.

50 | |[-= No stiring
—=— Rapid stiring

40 .
=)
op
= 30| a
0
=
= 20 .

10 .

0 30 60 90 120
Time [min]

Figure 4.34: Nitrification by carriers from SNR with and without rapid stirring
after 9 weeks of operation of the two-reactor setup.

The slowly stirred jar had visibly more SS than the one without stirring. That was also
the case fore the rapidly stirred jar, but with even more SS. That can be explained by
release of biofilm from the carriers due to different hydraulic conditions, mainly higher

velocities. Although there is a decrease of biofilm thickness for the slowly and rapidly
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stirred carriers, the effect on nitrification rate is minimal. There might be multiple
explanations for why this is happening. First, the density /amount of nitrifiers in the
biofilm could be so small that sufficient amounts of Oy is diffused into the biofilm even
with a thicker layer. Second, the aeration might be to aggressive, supplying more Oq
to the biofilm. Clearer results could have been seen by keeping lower DO levels, like 4
or 6 mg/L. However, the DO supply to the jars was difficult to operate and to achieve
low DO concentrations. And third, the decrease of biofilm thickness could be smaller
than anticipated, leading to only small differentiation in O, diffusion conditions between

carriers in stirred and non-stirred jars.

Figure 4.35: 1 L wastewater from laboratory batch tests after a) no stirring and
b) stirring.

4.4.2 Investigation of wastewater composition

In figure 4.36 shows clear inhibition of nitrification in the artificial wastewater. For
this test the artificial wastewater was not added alkalinity, and therefore the lack of
sufficient alkalinity for nitrification resulted in a rapid alkalinity decrease, causing a
rapid decrease of the pH to a level which did not support nitrification. The pH of the
artificial wastewater started at 7.1. and ended up at pH 5.79. The wastewater however,
started at pH 7.55 and ended at pH 7.04. The average nitrification rate for this test was
0.58 g NH;-N/m?d.

For the second lab test, the artificial wastewater was added sufficient alkalinity. In figure

4.37 the nitrification in the jar with artificial wastewater appeared to be faster during
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Figure 4.36: Comparison of nitrification of inlet wastewater to the SNR and
lake water added NH;, by carriers from SNR after 8 weeks of operation for the
two-reactor setup. The average DO of the two batch reactors were 8.06 and 8.84
mg/L for the wastewater and the artificial wastewater respectively. The artificial
wastewater had no to little alkalinity.

the first 30 minutes, however it slowed after 30 minutes and kept going at a steady
rate. There was a tendency after 30 minutes, that the artificial wastewater nitrification
rate, 0.45 g/m?d, was slightly lower than the nitrification rate for the wastewater, 0.54
g/m?d. However, if the whole time frame from start to finish was considered, there
was no significant difference between the nitrification rates, averaging at 0.58 and 0.54
for the lake water jar and the wastewater jar respectively. There was no significant
difference between the two batches for NO; -N and NOz-N, but the pH changes showed
some difference. The pH for the wastewater was reduced from 7.73 to 7.39, while the pH
of the artificial wastewater increased from 8.35 to 8.61. The latter could be explained

by removal of CO; from the water.

This test shows that there is no evidence for direct inhibition of nitrification due to
components in the influent wastewater to the SNR. However, some components of the
influent, e.g. bsCOD, could have a long term effect on the growth of nitrifying bacteria,
which this test does not consider. Based on these results and the extra growth on the
carriers it is likely that heterotrophic growth has, to some extent, inhibited the long
term growth of AOB and NOB and prevents O, diffusion to the inner biofilm.
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Figure 4.37: Comparison of nitrification of inlet wastewater to the SNR and lake
water added NHJ and alkalinity, by carriers from SNR after 9 weeks of operation
for the two-reactor setup. The average DO of the two batch reactors were 8.22
and 8.11 mg/L for the wastewater and the artificial wastewater respectively.

4.5 Alkalinity analysis for the side-stream setup

As described in section 3, the alkalinity tests were conducted by Hias WWTP staff and
started one week after my last tests where conducted.

As seen in Figure 4.38, the total alkalinity in the wastewater in the SNR is reduced
to almost 0 mmol CaCOg3/L for several of the 9 days where testing was done. When
comparing the alkalinity of Zone 3 and the SNR we can see that there is a substantial
decrease of total alkalinity in the SNR compared with the wastewater in the VEAS
pilot. Although, these tests were conducted after the other testing in the previous
subsections, the conditions of the SNR and the process setup was similar for day 74-89
of the two-reactor setup as it was up until day 68. Therefore, these results indicate that
the total alkalinity of the wastewater in the SNR showed similar patterns for the days
and weeks before day 68 of the two-reactor setup. Therefore, the low alkalinity in the
SNR could be a reason for the low nitrification rates observed in the SNR. Since the
alkalinity in the wastewater is already very low in the SNR, it would be expected that
the alkalinity within the biofilm is lower still. This due to the diffusion of alkalinity
into the biofilm, which must be assumed causes a concentration decline further into
the biofilm, and the production of H' ions during nitrification within the biofilm. The
combination of low alkalinity and nitrification within the biofilm could therefore lead

to lack of sufficient alkalinity and rapid pH decrease within the biofilm, which in turn
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would result in inhibition of NOB and AOB causing lower nitrification rates. Although
this can not be verified for the results analysed before day 68, it shows a tendency which
can likely have affected the nitrification in the SNR during the experiments. From day 4
and until day 68 only the pH was tested, to monitor whether there was a significant pH
change during the nitrification in the SNR. A significant pH change was not measured
and the lowest pH recorded was 6.77 in the SNR effluent. It was therefore believed that
the alkalinity was sufficient. However, in retrospect it would have been preferable to do

alkalinity analysis also then.
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Figure 4.38: Total alkalinity for Zone 3 and the SNR from day 75 to 89 of the
two-reactor setup, done by Hias WWTP staff.

4.6 General discussion - Consequences/Implications

for pilot design

Although the average ammonia removal throughout the plant is below the initial nitro-
gen removal goal indicated by Hias How20 (60% reduction of ammonia), the side-stream
setup with a BOD-R and a SNR shows some good tendencies. The average removal rates
are 54% with an increasing tendency. However, some alterations must be introduced to
ensure higher removal rates for the side-stream setup. Some bsCOD is fed to the reactor,
possibly resulting in a long-term growth of heterotrophic bacteria on the biofilm surface
and suppression of nitrification. To evade this consequence a few possible solutions will
be discussed. A larger BOD-R would increase hydraulic retention time, resulting in a

higher bsCOD removal and thus could reduced the bsCOD of the influent to the SNR.
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Another measure that should be evaluated is segregation of the SNR. Division of the
SNR into three to four separate reactors connected in series will cause decrease of loads
from the first reactor to the last reactor. This could increase the nitrification efficiencies
of the last reactors, getting lower bsCOD loads, while still being supplied with sufficient
ammonia concentrations most days. Implementation of a larger reactor volume could
increase nitrification capacity of the SNR by increasing the retention time. However,
such modifications should be carefully evaluated regarding areal requirements of bigger
reactors, especially for full scale systems. Although for some of the days, the results
showed that the ammonia load to the SNR was only slightly higher than the nitrification
rate, and thus an increase of the wastewater flow through the side-stream setup could

also be considered.

The denitrification in zone 4 and zone 5 can utilize some of the remaining bsCOD con-
tent of these zones. However, the results regarding this is not clear to what extent het-
erotrophic microorganisms and DNPAO contribute to the denitrification. It is however
a clear tendency when studying the PO3™-P accumulation, denitrification and bsCOD
consumption in these zones which supports contribution of DNPAO for denitrification.
It is also likely that other denitrifying bacteria are contributing to denitrification by
consumption of bsCOD in zone 4 and 5. Thus this bsCOD is used for denitrification
rather than for heterotrophic respiration in the oxic zones. In zone 5 there are on most
occasions anoxic conditions, which favor PO3 -P release and bsCOD consumption by
the DNPAOQ, if easily biodegradable organic matter like VFA are still available. The
average reduction in bsCOD concentrations between zone 3 and 4 and 4 and 5 show that
some anoxic bsCOD consumption happens in the zones and thus supports this and deni-
trification by heterotrophic microorganisms. Thus, the carbon source available for SND
in the oxic zones will not be significantly reduced, due to heterotrophic microorganisms

utilizing the bsCOD in zone 4 and 5 for denitrification.

Another somewhat contributing reason for the observed low nitrification rate in the SNR
is the condition of the carriers. Replacing the carriers and waiting for new biofilm to
form would likely increase the nitrification rate to some extent, however this would only

explain a small part of the reason for the observed low nitrification rates.

The observed low alkalinity in the SNR between day 75-89 is a more likely contributor
to the observed low nitrification rates in the SNR. From theory it is known that lack
of alkalinity will result in pH reduction during nitrification which has an inhibiting
effect to nitrification. Although these results were gotten after the analysis of the main
experiment was finished this show that lack of alkalinity could pose a problem for the
nitrification in the SNR. However, this issue could be solved by either pH-adjustment
or addition of alkalinity prior to the nitrification in the SNR.



4.6. GENERAL DISCUSSION - CONSEQUENCES/IMPLICATIONS FOR PILOT DESIGN51

An addition of a small stirred reactor after the SNR, with the purpose of reducing
the DO concentration of the wastewater, could have an effect on the denitrification in
zone 4. If less O is supplied to zone 4, less aerobic consumption of bsCOD should be
expected, and thus cause more efficient denitrification in zone 4. This would in turn
result in more available bsCOD for denitrification by heterotrophic organisms and some

potential PO3™ uptake after denitrification in anaerobic conditions.






5. Conclusion

Side-stream nitrification for the Hias Process with the two-reactor setup has shown
promising results for NHJ, NO3 and NO; removal. Although the goal of 60% reduction
of soluble nitrogen (as the total fraction of NH}, NO; and NO;) was not reached,
an average reduction of 54% and additionally an average reduction of 57% of NHJ
was achieved during the last four weeks of operation. The results show a tendency of
increasing removal during the last weeks of operation and thus the systems shows a
good potential for achieving the removal goal of 60%. The main factors that are likely
the cause of the lower than expected nitrification rates in the SNR are temperature,
possible impact by small bsCOD loads, occasional low NH;-N loads and occasional lack
of alkalinity. To further assess what can be done to increase the nitrification rates of
the side-stream setup, further studying is necessary. Some changes could be applied
to the side-stream setup for increased nitrification capacity, like implementation of a
reactor for DO consumption following the SNR or compartmentalization of the SNR
for increased nitrification rates. Occasional low alkalinity could pose a problem towards
optimal nitrification in the SNR, however this could be solved by pH-adjustments or
addition of alkalinity preceding the SNR. The VEAS pilot achieved 95% reduction of
PO}~ and effluent concentrations below 0.5 mg PO?~-P/L on all days analyzed, except
the first day of the snow melting period where the reduction was 85% and the effluent
concentration was 0.7 mg PO} -P/L. This indicates that the increased nitrification by

the side-stream setup did not significantly reduce the PO3~ removal.
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6. Appendix

Day NHA-N_[ND2-N__|ND3-N Day NHA-N_|NO2-N_|NO3-N_]sCOD _ |PO4-P DO

73 50 125 0.1 73 524] 0023 0.3 384
100 [SNR 77| 1255 0.2] 1agp [SNR 268] 0418 0.5 382

74 =N 0.2] R T 264 0.02 0.1 386

73 25| o029 0.1 75 268] 0015 03 389
400 [SNR 26 98 0.2] 73 525 o019 0.1 140 348

75 32 £.89 0.2] B BT 292 oe27 ] 90 324 Lo

73 22 0.05 0.1 74 536 0019 ] 337
500 [SNR 36 055 0.7] 75 51 0012 ! 354

75 38 0.15 0.2] 73 35.2 0.12 ] 92 115

73 60 0032 03 B B 292 244 57 10| 4.
oo |SNR 57 0.35 0.4 74 328 0052 124

74 57 0.07 05 75 328 0015 127

75 56 0.07 0.2] 73 28] o022 ] 156 347

73 50 B B 376] 1956 0.2 63 L] [
o0 |SNR 50 74 252 0.35 D.ZH 321

74 52 75 224 0016 0.1 313

75 25 73 508 0022 22

73 36 0.07 B B 472 1052 0.6 46.2| oo
gop |SNR 22 0.21 74 516] 0017 245

74 20 75 504 0016 ] 271

75 22 73 532 0.02 02 207

73 21] 0016 0.2] R ETE 508 0862 0.2 45| Lo
I B 38 1 0.2] 74 572 o018 0.2 213

74 21 0.1 0.1 75 524] 0016 04 215

75 21 0.35 0.1 73 s28] 0018 0.2 395

73 a0 0.06 03 R B 292 1078 03 76 [EN] -
B ET 36 0.9 0.2] 74 52 0018 D.4i 218

74 21 0.05 0.4 75 532 0012 0.1 219

Figure 6.1: Rawata for the one-reactor setup for day 1-22. Concentrations are
given in mg/L for each nutrient specified. The zones are referred to as specified in
Figure 3.2.
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Day MNHA-M [NO2-N [NO3-N  |sCOD PO4-F [als)

Z3 43.2 0.014 0.4 124 15.2

SNR 34 1.904 0.5 76 16.2
.00 4 42 D.036 0.4 16.2 a4l

Z5 38 0.013 0.3 17

Z3 516 D.021 D.2 117 26.6
I6.00 SNR 428 1724 0.3 &7 221 750

74 476 0.028 0.2 26.4

Z5 48 D.014 0.5 269

£3 58.2 D.022 0.8 157 40.2
2700 SNR 50.8 1.376 0.5 BO 40 750

4 56.8 D.022 0.3 427

Z5 33.6 D.0l6 0.3 40.2

Z3 53.6 0.028 0.6 230 437
28.00 SNR 448 1.256 0.5 130 424 812

4 52 0.023 0.4 46.2

£5 5336 0.014 0.5 46.9

Z3 54.4 0.023 0.3 160 40.4
29,00 SNR 50.8 1.044 0.3 95 432 701

4 54 0.014 0.5 424

£5 36.8 0.016 0.2 448

Z3 384 0.015 0.3 99 156
3200 SNR 324 2.372 0.5 &7 179 845

74 376 0.048 0.3 18.4

Z5 36 0.013 0.3 194

£3 584 D.022 0.3 135 40.8
33.00 SNR 448 1.832 0.5 76 35.5 736

74 54 0.037 0.2 41

Z5 54 0.023 0.4 415

Z3 59.6 0.027 0.5 173 46.8
34.00 SNR 524 1.456 0.7 o0 59.2 737

4 6.4 0.034 0.4 0.7

Z5 58 0.026 0.5 47.5

Figure 6.2: Rawata for the one-reactor setup for day 25-34. Concentrations are
given in mg/L for each nutrient specified. The zones are referred to as specified in
Figure 3.2.



Q NH4-N [mg/L] NO2N [mg/L]

day VEAS _ [LOOP __ |NH4- [NH&-3 [NH4-B [NH&S [NHA-4 [NHA5 |[NH4-10[NO2-I
20l 2700] 0225 250 176 116] 050
5ol 3000 o330 260[ 288 216] 160
60| 2000 o330 400[ 352 232[ 150 0.026] 1680] 2335
70| 3200 o330] 320 324 196 100 0.012] 1708] 1430
g0  25.00] 0330 352 260 410 0.021] 1302] 2135
11| 2000 o300] 300 388 232 110 0.021] 1372] 2385
12| 2100 o0336] 515 440 202[ 480 0.032] 0212 1370
13| 2100 o0417] 280[ 418] 322[ 150 0.022] 0502 7.600
14| 2100 o0313] 610] s512] 368[ 145 ] 0.031] 0620 2500
15| 20000 0309 288| 372 210/ 236 0.038] 0552] 7.550
18] 18.00]  0.220) 252] 272 s20] 368 0.027] 0736] 3850
18] 2000] 0537 524 392( 328 460 0.033] 0452 0400
20 19.00] o05s8] s8o[ ses| 424] 302 452 0.030] 0.480] 0950[ 0.
21 1900 o408 250[ 556 248 286 480 ) 0.036] 0352 1350 0.106
22| 1200 03200 280[ sS04 216] 372 476 2472 0.033] 0252 0630
2] 1900] o0333] 470[ <28] 320[ 840] 364 372 0.036] 02472 10%0
26] 2000 o0327] sis| ees| 332[ s840] 392 388 8] 1398 oo25] 0388 o0ss0[ o0 ] 0.934
27| 20000 0327 s20] 524 282] 232 522] 502 316| 1216] 0025 0.368] 0510 0.126] 0.025 0.819
32| 1s00] 0327 a18] 378] 240[ eao] s12[ 308 180 co21] o0o017] oa72] oseo] cooe[ oos1] 1s2g
33| 2100] o0327] 452[ 428] 328] 164] 388[ 372 220 ogoo[ o023 o216] o2e0] 0.154] o.020] 1294
34| 23000 o0336] s40[ s512] ase| 388] 406[ 508 328 1040] 0034 0332] 0320 0o070] 0024] 063
35| 2600 0333] s12] 460 364] 206 420[ 208 216| 0748] 0022 032¢] 0360 o072 0023] 082
36|  2600] 0327] 208 404 360] 300 2024] 200] 220 1378 0024| 0320] 0320 0054] 0.220] 0.670)
a0l 2700] 0327 30| 308 232] 136] 288] 202[ 196] osgo0] o.017] 0404 o02s0] 0028 cos0[ o914
22| 2500 0333 32| 320] 200] 124] 304 208 184] 0482 o022] o408 o270] 0051 oo27] 177
23| 2200 0336] 202] 284] 160| 080] 216 216 ©920] 0580 0.014] 0532] 0350] 0066 0.042[ 3.860}
a7l 2100 0327] 30| 316] 188 o080] 260 248] 11.6] 0820 0.033] 0380 0340] 0078 0.054] 6100}
28] 2200 o0327] 418] 380] 224 se0] 320 284[ 124] o0506] o.029] 0224 o0240] o00%3] oo28[ 057
20| 2100] 0327 sS04 228 30| 168] <404 388[ 236] 1748 o0.027] 0228 0340] 0107 0o025] 0073
so|  2100f 0333 518 528 228 264 496 432 308 1040] 0030 0.228] 0250 0.116] 0.080] 0.07]]
s3] 19.00] 0327 2o2[ 4s4] 272[ 320] 340[ seo] 1se| 1137] oo1s] o212] os20] oovr| ooss] 1250)
sa] 2100 o0333] seo| sos| 252] ea0] 396] 388 236 o4co| oo2s| o372] oseo| 0157 o031 osig)
ss| 2100 o0333] 628 560 a32] 204 ave[ 288]| 284| osoo[ ooso| o268] 02430 0228 o048 170q)
s6]  2100] 0333] sos[ 544 ac0] 224] 468[ 460] 256 o4s50[ 0031 0.036] 0210 0108] o030 1570)
571 2100 0323 528 s00] 202] 228 220] 228 216 1040] 0027] 0.2:8] 0380 0.207] 0018 L&70)
61  2100] 0323 s88[ 556 306] 132] 468] 464 272 1770[ oo30] o0.252] o550 0.185] 0.029] 0.630)
62| 2100 o0323] 608 ses| a2o2] 260 s536[ s08] 272 osco[ ooso| oze0] ozo0] o187 oo2g| 17a)
63| 2100 o0323] s7s] s576| 2s8| 288] 460] 516 292| oeso| o031 o220] 0530 0204] oo22] 2020
6| 2100 0343 552 558 472 272 493 480| 228 1050] 0038 0.260] 0540 0291 0.027] 2600
67] 1800] 0343 528 468 308] 720 372[ 360] 208 os20] 0030 0320] 0620 0.073] 0.066] 1880)
68| 2000] 0323 512 484 336] 100 372] 372 224 0860] 0040 0208] 0520 0.178] 0.025 0.680)

Figure 6.3: Rawdata for wastewater flow through BOD-R and SNR (Q), NH}-N
and NO; -N concentrations for the two-reactor setup. . The zones are referred
to as specified in Figure 3.3. The numbering/letters behind the type of nutrient
indicates the zone number (e.g. NH4-3 represents the NH,-N concentration in
zone 3) (I=influent to VEAS pilot, B=BOD-R and S=SNR). The same system

applies for Figure 6.4, 6.5 and 6.6.

61



CHAPTER 6. APPENDIX

NO3-N [mg/L] PO4-P [mg/L]

030 os0] os0] o 184] 158] 169
030 o070 o030 o 20| 221] 233
030 110] os0| o 184 171] 179
0.10] 0&0] o080 0. 235 218 240
050 150 3.30] O 82| 780 102
030 o070 250 o 340 356] 334
020 o070 270 o 37.8] 415|424
060 o070 630 o . s24| s04] 437
050 110] 780 O . 335 313| 366
080 170 171] 1 . 146 101] 133
070 120 530 o . a3g| 338] 224
070 130 880 o . 37.1] 324 312
030 100] 120 O . 28| 427| 396
0200 080 870 o . 37.7] 395 392
0.20] 1e0] 168 L . 134] 1w07] 120
28] 150/ os0] 200 248 140] oa4o] o020 ss0] 372 28s] 208 s24] 291 020
27| oso] o030] 120] 220 o0so] o40] o030 550 2418 451 as54] 421 4a3] o4z
s2] o040l o030] 2s0] 254 1s0] o30] oao] az0] 1sa] 11a[ 13a] 120 118] 010
33] o0so] o030] 1e0] 180 110 o030 o030 410 313] 263] 241] 285 277 o0as
sa] 110/ oso] 100 7eo| oso| o30] o030 610] 368 azo| 15| a1a] 426] o024
35] 110/ o030] 100 820 o030] oso] o030 aa0] 342] 335] 37s| 354 360] 070
36| 430] 030] 120] 600| 040] o080 050 520 306 341] 358 324| 334] 026
a0l 280[ os0] 380] 126 os0] os0| oso] zao] 131] 123] 112] 124 133] onn
22| om0| o010l 3s0] 130] o040l oao| o3| aa0] 23| 196 184 213 210] 0ad
23| 080] 030 570 19.2] 180 050 0.20] 238 7.80] 530 670] 540] 5.10] 0.18
a7] 1s0[ o050l 620] 130] 240 130] o2o] a20] seo[ e20] se0[ seo] s30] 047
28| o040 os50] 220 182 o070 o010] oso] as0] 331 217 164 285 263] om
29| 200 o020l 140l 172] om0l os0| os40] 650l 33| 326 3as| 3zE| 335|023
so| os0] o020] 100] 166 070] 030 020 570] 374] 398 383 395 403 031
53] o060] o020] 360] 268 200] o30] oao] ao0] 129] ga0[ 100] 102 sme] ooe
sa| o070 o030 290 208] 120 o0s50] oso] sa0[ se3| 258 223 s08] 298] oag
ss| o060 o040] 1s0] 218] o70] o30] oa0| es0] 430 ars| a0s| a1z 2] oas
se|] o0so] os0] 170 218] 100 o060 030
57 10| o0s50] 130] 172 050 o030 070 600] 387 396 39.4] 382 408] o024
61] 130] os0] 180 238] 110] os0] oso| seo] aos] s07[ 225 337 332] 004
62| 100] o020] oso| 198] os0| o040 oso| es0] a0s| aos| a03| a0s| 421 oas
63] o050 o030] 100 192] os0| o40] oao| 620 420 a12] 413 apa| 395] oas
54| 110] o020] o0%0] 198 o060 o020 060 740] 413 434 432] 424| 441 0326
57] 040] o030] 240 248] 180 o030 o040 430 130] 7ao[ 790 =m0 B[ om
68| 260 050] 150 240 130] o0.60] 060 660 267 =204 18.1] 223| 220/ 0.4

Figure 6.4: Rawdata for NOz -N and PO3*-P concentrations for the two-reactor
setup.



| SCOD _[mg O3/1] | pH [ Do ime/1)

COD-5 [COD-4 (COD-5 |COD-10|pH-I i - i - H pH-10 JDO-B |DO-5

B.52 9.72

B.33 7.65

7.28 7.15]

7.62 7.98

7.67 7.27)

7.32 7.72

6.64 6.73

6.75 6.6

6.47 6.96)

6.66 .6

7.02 7.15

5.33 6.56)

5.58 6.64]

6.11 5.64

6.01 7.67)

5.99 791

5.87 B.05

5.04 B.06|

6.45 B.66|

6.16 6.97)

7.60 7.28 748 . 6.0%[  4.06]
B.26 7.36 7.52 7.33 . 6.63) 4.32
B.25 7.34 7.50 7.32 . 547| 445
69.0 783 7.43 746 7.21 . 6.28)  4.68|

22| 260] 100] 480| 510 640] 670 480 820] 760 755] 725 748 745] 724 640] 474
23] 122|770 520] 200 530] 580| 420] 783| 7.2a] 72| 703 738 737] 7.08| 663 701
47| _226] 20| 470 250 730] 650 460 79| 7.77] 778 7.22| 781 785 7.48] 582 603
28| 38| 135 530| 540 870] 780 400 78| 7.2a] 751 710] 745 743] 732 484 465
25| aes| 167] 820] 750 123] 07| 800 8o04] 71| 758] 7.26] 756 750] 7.38] 467] 541
so| 370 126] 70.0] 560] 120] 108| 59.0] 819 728 7se| 729] 728|742 738] 203 537
53| 100] 13s] 400] 450] 790 620] 210] 807 733] 748 e77| 739 735 708] 597 6a1g
sa| 424 165] 710 s70] 113[ sso| sso| 7eo| 74| 7ae| es3| 743( 738 7as] 617 657
55| 2s2] 177] 720 500] 120] 107 80| 798| 741 751 718 7.2a] 740 7.23] 608 661
= 0| ¢ vco| 7o vai| vas| 729 sas[ es
57| 438] 161 740] 550 11a] 113 03.0] 768 784| 755 731 7.28] 745 7.30] 522 641
61 261] 169| 620 460| 128] 100 540] 809 751 74| 721 753 752 730] 583 699
62| s523] 98] 730 530 136[ 18] 920 sos| 744 72| 734 79[ 751 74| se7[ 664
63| 545] 08| 820] 570] 123] 111] 59.0] 774] 750 7ee| 733 759 754 744] 562 699
ga| 56| 101| 850] 680|  121| 19| 50| 766 753 776|746 7.56] 757 745] 529 704
67] 215 09| 810 610] 50| 830 57.0] 785 749] 763 7a1] 755 752 730] 630] 7.9
68] 438] 164| €50 560] 126] 111] 50.0] 813 758 771 728 7.52] 7.48] 735] 623 704

Figure 6.5: Rawdata for sCOD, pH and DO concentrations for the two-reactor
setup.

Q MNH4-N [mg/L] Alkalinity [mmel CaC0s/1]
day VEAS LOOP MNH4-1 MNH4-3 NH4-B MNH4-5  |NH4-4 MNH2-10 JAlk-1 Alk-3 Alk-B Alk-5 Alk-4 Alk-10

74 0.18|

75 19.00| 515 35.0 14 41.6 27.4] 3.64 2.63 0.25 3.23 253
76| 19.00| 69.0 60.0 50.0 6.0 30.0] 3.1 3.67 2.95 0.42 2.46)
77| 19.00| 70.0 63.5 53.0 20.0 54.0 31.0 3.52 3.62 3.19 1.04 3.07 2.39]
78| 19.00| 72.0 71.0 55.0] 22.0 36.0) 3.11 3.83 3.52 1.12] 2.64)
80| 0.216| 50.0 3.5 43.5 2.95 0.08 277

81 18.00| 0.325 53.0 45.0 35.0 9.0 23.0] 3.05 298 272 0.93 2.14
22 18.00| 0.290] 56.0 440 30.0 3.00 34.0 24.0) 3.11 284 2.20 0.46 244 1.98]
83 22.00| 70.0 62.0 480 13.00 57.0 35.0] 3.27 411 292 0.81 3.48 IESI
89| 29.00| 0.6 25.0 25.0 15.0 5.00 20.0 12.0] 1.56 191 1.47 0.79 1.64 J.ZTI

Figure 6.6: Rawdata for alkalinity tested by the Hias WWTP staff from day
74-89 for the two-reactor setup. The wastewater flow through the VEAS pilot

is measured in m3/d, while the wastewater flow through the side-steam setup
(LOOP) is measured in m?/h.
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initial SNR carriers (iSNR) vs VEAS carriers (VEAS)

Tests MNH4-M [mg/L] PO4-P [mg/L] =000 [mg/L] D0 [mgfL]
Time [min] [isne  Jveas  [isne  [veas  [isnR  [veas  [isnr  Jveas
0 424 242 71

30 336 35.2) 3.1 D.56] 761 B.56

50 316 32.8) 1.24 D.23 7.51 B.56

50 236 27.2) 062 0193 7.41 847

120 20 23.6) 0.59 11 7.35 B43

150) 124 16.8] 0.27 D.25 7.27 B35

180 12 116 D.29 D.15 7.23 B.46

200) 116 0.6 0.4 D.16] 23 78 7.32 B34

Average DO 7.39 BA45

Figure 6.7: Rawdata for the first laboratory batch test comparing carriers from
the initial SNR and the VEAS pilot during the single reactor setup.

initial SNR carriers (iSNR) vs VEAS carriers (VEAS)

Tests MH4-M [mg/L]
Time [min] [iSNR  [VEAS
0 48 6
30 468 408
B0 42 36
90/ 42 344
120 39.6 27.2
150 35.2 23.2
180 22 18.8

Figure 6.8: Rawdata for the second laboratory batch test comparing carriers
from the initial SNR and the VEAS pilot during the single reactor setup.

Mo stirring (A) vs rapid stirring (B)

Tests MH4-N [mg/L] PO4-P [mg/L] D0 [mg/fL]
time [min] |[NH4-A [NH4-B |PO4-A4  [PO4-B  |DO-A DO-B
0.000 46.8 436 7.10 £.36
30.00] 328 260] 1155 11.15 7.83 g.32
50.00] 257 200l 1120 1005 786 797
50.00] 20.0 13.2]  1120] 12.00| 7.87 7.50]
120.0] 15.2 640 12.10 9.05 7.79 7.90|
ﬁwera_ge D 7.B4 g.02

Figure 6.9: Rawdata for the laboratory batch test comparing rapid stirring to
no stirring during the two-reactor setup.



Mo stirring {A) vs slow stirring (B)

Figure 6.10: Rawdata for the laboratory batch test comparing slow stirring to

Tests MH4-M [mg/fL] PO4-PF [mg/L] DO [mg/L]
time [min] |[NH4-A |NH4-B |PO4-A [PO4-B  |DO-A  |DO-B
0.000| 368 3200 1375 1345
s0.00 288 236] 1395 1425 B.17 7.88
soool 220 16.1] 13.50) 13.80|  B.O7 7.78
g0.00] 168 128 1380 1410 808 7.93
12000 108 440 1410 1420] 8O 8.81
1500  3.90 0.90] 13.40] 1485 8.12 B.66
Average DO 8.09 B.21

no stirring during the two-reactor setup.

Wastewater (A) vs lake water (B) - failure edition

Figure 6.11: Rawdata for the laboratory batch test comparing wastewater to
lake water without sufficent alkalinity during the two-reactor setup.

Wastewater (A) vs lake water (B)

Tests NH4-N PO4-P DO NO2-N NO3-N sC0D
time [min] |NH4-A [nH4-B [Pos-A  [Po4-8 |po-A  [Do-B [No2-A [no2-B [wO3-4 [n03-B [coD-A  [coD-B

0.000) 35.2 344] 304 7.00

30.00] 276 30 8] 358 7.70| 801 8 78|

60.00] 216 28.4] 329 7.80) 8.00 8.31

90.00] 180 27.2] 37.3 8.56] 8.08 8.28]

120.0] 104 27.2| 348 10.§| 801 831

150.0] 6.40 28.4] 37.3 10.2] 8.19 831

Average DO: 8.06 g.84]

Figure 6.12: Rawdata for the laboratory batch test comparing wastewater to

Tests NH4-N PO4-P oo NOZ-N NO3-N sCoD
time [min] JNH4-A  [NH&-B PO3-A PO4-B DO-A DO-B NO2-A |NUI-B MNO3-A |N03-E COD-A |CCID-E

0.000] 424 468| 438 6.20

30.00) 36.4 35.2] 40.4 7.00] 8.69

60.00] 30.4 31.2 404 7.60| B.13

50.00) 244 25.6| 399 7.3 8.25

120.0 20.4 24.4] 413 8.7 2817

150.0) 15.20 17.6] 43 9.3 7.87

Average DO: B.22

lake water with added alkalinity during the two-reactor setup.
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