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Abstract
Papermaking process require large amounts of energy and water; therefore, pulp and paper
mills can be potentially very polluting. The wastewater resulting from the papermaking
process must be carefully managed as it is very rich in dissolved organic matter and contain
compounds that make it difficult to treat. MBBR technology emerged as a possibility to
increase the treatment capacity and to make more compact treatment systems designed to
remove high organic loads, since in addition to having biomass in suspension as the activated
sludge process, also has biomass adhered to plastic supports. This research was
commissioned by Stora Enso Kvarnsveden and emerged in need of a bioreactor
modification due to reduction of the wastewater load after the closure of PM11 in 2013 and
PM8 in 2017. An evaluation of the performance of bioreactors is necessary with possible
results to only run one bioreactor in the future and save energy. For performance analysis,
two weeks of measurements were performed, one with the two bioreactors running at the
same time and one with only K150 reactor running, trying to simulate what happens if one
of them is stopped. Analysis of the main operating parameters of the MBBR system were
evaluated during this research. As result, it was recommended an action to remove the excess
of adhered biomass and an increase of the filling rating to 50%, in order to optimize TOC
reduction.
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1 Introduction
The papermaking process require large amounts of energy and water. Pulp and paper mills
are responsible for generating a huge amount of wastewater, approximately 30 to 60 m³ per
ton of pulp [1], and therefore can be potentially very polluting. The origin of the effluent in
this sector is related to the dependence of water in almost all manufacturing processes. Even
the forests that are the source of raw materials need water to grow. In addition, it is also
necessary to use water for cleaning and cooling the paper machines.
During the paper production process, a considerable amount of waste is generated,
containing bark, dirt, wood fibers and other pollutants, therefore the wastewater arrives at
the treatment plant rich in Suspended Solids (SS), contaminants and dissolved organic matter
measured as Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand (COD) or
Total Organic Carbon (TOC), besides nutrients such as nitrogen and phosphorus that are,
in some cases, added to give satisfactory treatment results [2] [10]. All these parameters can
be responsible for the death of many water bodies.
Before the wastewater being released to the environment, it must go through a treatment
process. If the water returns to the source without going through all the necessary steps for
its purification can generate many inconveniences and impacts in the nature, since it has high
content of organic matter and nutrients that can change considerably the characteristics of
the hydric sources, from the thermal impacts, increase of turbidity, slime growth, odors,
increase of toxic substances, decrease of dissolved oxygen and finally death of many aquatic
animals [10]. The destination of wastewater generated by the industrial segment is still one
of the biggest challenges among the environmental issues to be solved.
As well as the production of paper, wastewater treatment happens in several stages. Briefly,
these steps can be divided into three main steps: mechanical, biological and chemical
processes. The mechanical stage consists mainly of screening and primary sedimentation of
coarse solids. Then, in the biological stage, dissolved organic matter serves as a food for
microorganisms that by a natural process will help in the decomposition. In the chemical
stage, there is a disinfection and removal of phosphates and nitrates from the wastewater
[9].
It is common for big pulp and paper companies to have a treatment plant at the site where
the effluent is produced. This is an advantage as the waste water from the papermaking
process can be rapidly treated and returned to the source. The treated water must meet the
standards set out in the legislation.
Typically, many industries treat their effluents by biological processes such as activated
sludge, which works by the growth of bacteria in the presence of dissolved oxygen and it is
in principle limited by the amount of sludge [11]. Besides the activated sludge, there is a
technology known as Moving Bed Biofilm Reactor (MBBR) which was developed on the
need to improve performance and increase the capacity of biological reactors without
increasing the physical area. With this technology it is possible maintain a high level of
substrate for biodegradation since it uses carriers (plastic rings) inside the aeration tanks,
thus, the reactors besides having the biomass in suspension, also have a biofilm adhered to
the carriers, which gives them greater capacity in the introduction and treatment of organic
loads without needing of an increase of the bioreactor area [12].
The present work proposes to discuss and analyze the performance of two hybrid
bioreactors with Moving Bed technology in the wastewater treatment plant of Stora Enso
Kvarnsveden pulp and paper mill in Borlänge, Sweden.
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Background
After more than 80 years of operation, Stora Enso Kvarnsveden decided, in the summer of
2017, to close the activities of Paper Machine 8 (PM8), followed by the earlier closure of PM
11 in 2013. The closure of PM8 at Kvarnsveden's declined paper production and
consequently the incoming effluent load at the wastewater treatment plant by almost 20%.
Currently, the treatment plant runs two bioreactors with 4,000 m³ of volume, operating with
the MBBR technology, each containing about 9 million carriers. To properly treat the
effluent, it is necessary to introduce diffuse air which requires a high energy consumption.

Aims & Objectives
The aim of this research is to analyze and evaluate in a brief and profound way the
performance of two bioreactors with the Moving Bed Biofilm technology built for
operations of the Stora Enso Kvarnsvedens wastewater treatment plant. An investigation
regarding optimization of the TOC reduction is needed across the bioreactors with possible
and desired results to efficiently run only one bioreactor in the future. In addition, a test run
of the MBBR will be done to simulate the desired future conditions as close as presently
possible.

2

2 Moving Bed Biofilm Reactor (MBBR)
Hallvard Ødegaard is the name of a Norwegian professor who, in the 80’s, developed the
Moving Bed Biofilm Reactor (MBBR) technology [13]. This technology was created from
the need to develop more compact processes of wastewater treatment with high capacity of
removal of organic matter [20]. Even operating in a similar way to the activated sludge
process, the MBBR has a different approach to the treatment of wastewater since this
technology adds small rings of plastic called carriers with low density and large surface area,
that can move freely in the reactor [12] [15].
In addition, the MBBR produces a smaller amount of sludge compared to the traditional
activated sludge treatment method. This occurs because the biomass grows in the carriers,
which move freely inside the reactor due to the introduction of diffuse air or due to the
existence of mechanized agitators as can be seen in Figure 1 [12]. Reactors with the MBBR
system have shown good results in the removal of organic matter and in stages of
nitrification and denitrification, being considered as a promising technology for the
treatment of domestic and industrial wastewater. With MBBR it is possible to work with
high concentrations of biomass, consequently, the reactors can work with greater load of
wastewater without losing the efficiency [15]. Because of these advantages, wastewater
treatment plants with MBBR technology have been preferred in many pulp and paper
industries. Some advantages and disadvantages related with MBBR technology are
summarized in section 2.5.

Figure 1: MBBR with (a) diffuse air and (b) mechanized agitators [12].

Introducing the bacteria
Bacteria are almost everywhere around us. There are thousands of species that have different
forms, habitats and metabolism. It can be found in air, water, soil, in humans, animals, and
even in places of high pressure, different temperatures, light intensity and in the presence or
absence of air, with completely inappropriate and inhospitable conditions to most living
beings. It has such an insignificant size but can interfere decisively in human life and in the
earth ecology.
Although the word "bacteria" still scare many people for being in some cases diseasecausing, bacteria are also important for the planet’s life cycle and can act in a beneficial way
in our body. For humans and animals, it helps in metabolic functions, influence the immune
system and play a vital role in the constitution of the intestinal mucosa and in various
physiological functions. In addition to the stomach and the intestine, bacteria are also found
in large amounts in the skin, respiratory system, mouth and genital organs and without them
there would be an imbalance in the body. If weighed together, these microorganisms can
outnumber our own cells, 10 to 1 (about 2 kilograms of human body weight) [16].
3

Bacteria are also important for the food industry and can be used in the manufacture of
yoghurt, cheese and curdled milk. From the alcoholic fermentation it can be produced some
kinds of breads, wines and beers. In the pharmaceutical industry, antibiotics and some
vitamins are produced from bacteria.
It is easy to see that these microorganisms are present in almost every part of our life but
not only that, they are also present in our death. All organic matter is susceptible to
decomposition and bacteria and fungi are those who are mainly responsible for this process.
These microorganisms transform the dead organic matter and return it to the soil in the
form of inorganic matter. After death, the body of living beings loses its defenses and
oxygenation, thus the body becomes unbalanced and begins to be attacked by the hungry
bacteria.

Biofilm: what does it mean?
Biofilm is formed by the grouping of one or more types of microorganisms that grow
adhered to a solid surface. These microorganisms are involved in substances produced by
themselves and this gives them protection against various types of aggression they may
suffer, such as lack of nutrients or use of an antibiotic, for example. The formation of a
biofilm is very common in humid and aqueous environments with availability of nutrients,
where they find adequate conditions to grow [18]. Some examples of this are dental plaques
formed due to poor brushing of the teeth, resistant wounds and old breads with a layer of
mold. Figure 2 gives an example of adhesion and biofilm formation.
Biofilms can be responsible for various diseases and food contamination, but it can also be
beneficial when it comes to wastewater treatment. Effluent treatment with the help of
bacteria is widely used throughout the world, as well as being effective in cleaning
wastewater, it is also one of the most economical alternatives.
The technique involves the oxygen supply to the system where aerobic microorganisms will
develop and feed on the organic matter that pollutes the wastewater. A large part of the
suspended matter and the pathogenic bacteria is removed from the wastewater by
decantation of the sludge in the next step. The resulting water can then be disinfected and
reused for irrigation or released back into the environment.

Figure 2: Images (A, B, C) demonstrate the adhesion and biofilm formation process of P. aeruginosa [17].

Carriers
AnoxKaldnes® was the first company to develop and patent the first carrier for the MBBR
technology, with 0.95 g/cm3 of density and polyethylene as a material [26]. Currently it is
possible to find a wide variety of companies and carriers in the market. As characteristics,
the materials have high surface area per unit of volume (between 200 to 1,200 m2/m3) [18],
high durability, lightweight and are structurally strong.
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The carriers were designed to provide a great internal area, which means a huge surface area
available for biofilm formation and adhesion. They are also drilled to avoid clogging, making
easy the transport of oxygen and substrates to the intern biofilm.
The constant movement and the shock between the carriers inside the bioreactor can lead
to the biomass detachment, consequently the biomass grows and stays mainly on the
protected surface, inside the carriers. Therefore, for project parameters it is considered only
the effective (or protected) surface area for biofilm adhesion [12]. The table 1 gives the main
characteristics of some available models in the market.
Table 1: Characteristics of some Kaldnes® carriers [26].

2.3.1. Filling Ratio (VS/VR) or Filling Fraction (%)
The Filling Ratio (VS/VR) or Filling Fraction (%) can be defined by the ratio of the volume
occupied by the supports and the total volume of the reactor [26]. It is important that the
number of carriers added to the reactor allows its suitable movement and meets the needs
of the system. In the MBBR system, the Filling Fraction can be changed as desired, but
several authors suggest these numbers between 40 and 70% of the reactor volume [27].

Adhered biomass
The amount of active biomass is a key parameter for the effectiveness of the system. MBBR
technology works both with suspended biomass and adhered to plastic rings that move freely
in the reactor.
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Although the plastic rings are constantly moving inside the reactor, the immobilization of
the biomass adhered to them allows its high concentration in the reactor during a long period
of time. But, due to the movement and shock between the carriers it can occur occasionally
detachment of adherent biomass, which can be good if the biofilm thickness increases
excessively and clog the carriers. The openings are important so that wastewater and oxygen
can flow freely through it, otherwise it loses active area and the process becomes less
efficient. In the Figure 3 it is possible to see a carrier with a thick biofilm.

Figure 3: Carrier with thick biofilm adhered. Photo of Liv
Macedo (March 2018).
As the biofilm thickness increases, the superficial regions of the biofilm are predominantly
occupied by aerobic bacteria where carbonaceous oxidation and nitrification prevailing. On
the other hand, the innermost regions of the biofilm, close to the carrier surface, becomes
anoxic and denitrification occurs in appreciable quantity [18]. Thickness of the MBBR
process biofilm specified in the literature ranges from 0.1 mm to 1 mm [27].

2.4.1. Diffusion depth: a crucial factor for biofilms
Diffusion depth is an important factor to be considered in the removal of organic matter
and conversion of nitrogen compounds. It is defined as the supply channel of the substrates
and oxygen through the biofilm layer. For the bacteria supply, the diffusion depth can be
limited between 0.2 and 0.5 mm. [28]. If the biofilm is too thick, it becomes difficult the
diffusion of DO and substrate through the biofilm, consequently, the bacteria located in the
inner regions (near the carrier surface) may not receive the necessary supply. Figure 4 shows
the presence of anaerobic zones due to the limited oxygen diffusion in the layers closest to
the plastic support.
Because of this oxygen limitation, reactors with MBBR technology require larger amounts
of oxygen than conventional aeration tanks, thus the energy consumption becomes higher
[18]. But despite this, diffusion limitation can also be helpful, since this limitation may create
a diversity of microbial zones that can play different roles in wastewater treatment.
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Figure 4: Diffusion limitations with different oxygen concentration (yellow line)
through the biofilm, creating aerobic and anaerobic zones [18].

2.4.2. Nitrification and Denitrification
Nitrification is the transformation of ammoniacal nitrogen (NH4) present in wastewater into
nitrates by the action of autotrophs bacteria [27]. Nitrification can be inhibited by the
application of high organic loads. When there is abundant availability of organic matter in
the medium, heterotrophic and nitrifying autotrophs bacteria will compete for the more
superficial areas of the biofilm, where oxygen is more abundant. As heterotrophs grow faster
than autotrophs, it will occupy the outermost areas blocking oxygen diffusion through the
biofilm, negatively affecting the performance of nitrification [27] [29].
The denitrification process occurs in the conversion of nitrate to gaseous nitrogen by the
action of anaerobic heterotrophic bacteria in anoxic medium [27] [29]. Figure 5 shows the
main mechanisms involved in nitrification and denitrification in biofilms.

Figure 5: Main mechanisms involved in nitrification and denitrification [29].

2.4.3. Carrier clogging
Exaggerated growth of heterotrophic bacteria may also lead to carrier clogging. When the
biofilm becomes thick, only the more superficial part receives substrates and oxygen from
the aquatic environment, making the additional thickness worthless, which can cause damage
to the system such as reduction of effective biofilm area and formation of anaerobic zones,
causing biofilm sloughing and unpleasant odors in the reactor. If the biofilm is too thick,
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the system can lose its efficiency and increase electricity demand, since the carriers will
become heavier and will sink, depending on the introduction of more air to keep them
moving in the reactor. This can occur due to “scaling” (precipitation of calcium carbonate
or phosphate in the biofilm) [18].

Advantages and disadvantages
If compared to any other wastewater treatment method, MBBR has also its advantages and
disadvantages. Some of them are listed in the following table 2.
Table 2: Main advantages and disadvantages of MBBR technology. Adapted from [25] [26].
Advantages

Disadvantages

The reactor requires less built area
compared to conventional systems
Can be applied in existing treatment
installations to improve their performance
Reactors can work with greater load of
wastewater without losing the efficiency
Good results in the removal of organic
matter and in stages of nitrification and
denitrification
Sludge recirculation to maintain the
population of microorganisms it is not
necessary, since most of the biomass is
continuously retained in the reactor
High resistance with possibility of
receiving high volumetric loads without
biomass losses
Produce a smaller amount of sludge
compared to the traditional activated
sludge treatment method
Lower sensitivity to hydraulic and organic
load shock

High energy demand to supply oxygen to
the system and to move the carriers
High initial investment for system
implementation and patented carriers.

MBBR design
As one of its advantages, MBBR technology can be applied in existing treatment installations
or can be implemented in new wastewater treatment plants. This system can target the
organic matter removal, the nitrification and, according to specific designs, denitrification
and phosphor removal, as can be seen in the Figures 6 to 11.

Figure 6: Organic matter and phosphor removal. With permission from Minegatti [27].
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Figure 7: Organic matter removal and nitrification. With permission from Minegatti [27].

Figure 8: Organic matter removal and nitrification without secondary sedimentation. With permission from
Minegatti [27].

Figure 9: Organic matter removal and nitrification in activated sludge process. With permission from
Minegatti [27].

Figure 10: Organic matter and nitrogen removal (Pre-denitrification). With permission from Minegatti
[27].

Figure 11: Organic matter and nitrogen removal (Post-denitrification). With permission from Minegatti
[27].
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3 Operating and control parameters
The operating and control parameters are very important for performance evaluation of the
MBBR system. Some of them are Volumetric Loading Rate Load (VLR), Surface Area
Loading Rate (SALR), Dissolved Oxygen (DO), Food to Microorganism Ratio (F/M) and
Hydraulic Retention Time (HRT).

Volumetric Loading Rate (VLR)
Volumetric Loading Rate (VLR) is described as the ratio between the organic load applied
to the bioreactor and the volume of the reactor, given by kgBOD or COD/m3·d [27], as can
be seen in the Equation 3.1:

𝑉𝐿𝑅 =

𝐵𝑂𝐷 𝑙𝑜𝑎𝑑 𝑜𝑟 𝐶𝑂𝐷 𝑙𝑜𝑎𝑑

Equation 3.1

𝑅𝑒𝑎𝑐𝑡𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒

Minegatti (2008) listed some VLR and SALR values used in previous research. These values
can be seen in Table 3 and 4.
Table 3: VLR values used in previous research. Adapted from Minegatti [27].
Authors

VLR (KgCOD/m3·d)

WANG et al. (2006)

1.17 – 1.29 (a)

LUOSTARINEN et al. (2006)

0.023 – 0.027 (a)

BORGHEI and HOSSEINI (2004)

0.044 – 0.088 (a)

DAUDE and STEPHENSON (2003)

0.82 (a)

JAHREN et al. (2002)

<3.8 (b)

HELNESS & ØDEGAARD (2001)

0.3 – 1.2 (c)

SUNNER et al. (1999)

2.3 – 6.2 (c)

RUSTEN et al. (1994b, 1998)

2.7 – 70 (a)

BROCH-DUE et al. (1997)

2.7 – 26.9 (a)

ØDEGAARD et al. (1994)

2 – 4 (a)

kgCOD/m³day
kgCODsoluble/m³day
(c) kgBOD/m³day
(a)

(b)

Surface Area Loading Rate (SALR)
Surface Area Loading Rate (SALR) it is a very important parameter for MBBR since it
considers the surface area of carriers in the reactor. It is described as the ratio between the
organic load applied to the bioreactor and the total surface area of carriers in the reactor,
given by gBOD or COD/m2·d [27], as can be seen in Equation 3.2:
𝐵𝑂𝐷 𝑙𝑜𝑎𝑑 𝑜𝑟 𝐶𝑂𝐷 𝑙𝑜𝑎𝑑

𝑆𝐴𝐿𝑅 = 𝑚2 𝑜𝑓 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟
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Equation 3.2

Table 4: SALR values used in previous research. Adapted from Minegatti [27].

(a)

Authors

SALR (gCOD/m2·d)

ANDREOTTOLA et al. (2003b)

9.3 (a)

DAUDE and STEPHENSON (2003)

3.3 (a)

RUSTEN et al. (1998)

8.1 – 48.6 (b)

RUSTEN et al. (1997)

0.6 – 15.3 (b)

PASTORELLI et al. (1997)

3.5 (a)

HEM et al. (1994)

1.0 – 5.0 (b)

ØDEGAARD et al. (1994)

<37

kgCOD/m2day

(b) kgBOD/m2day

Dissolved Oxygen (DO)
In wastewater treatment plants with aeration tanks, the introduction of oxygen is essential
for the proper functioning of the system. This is because the microorganisms responsible
for the degradation of the organic matter use the dissolved oxygen in the water to their
metabolic reactions. The turbulence generated by the aeration mechanisms, showed in
Figure 1, provides oxygen penetration into the liquid medium, where it distributes, forming
the dissolved oxygen.
The advantage of introducing oxygen into the aeration tanks is that the wastewater cleaning
process happens faster than in tanks that use natural aeration, consequently, it is possible to
reduce the detention time of the wastewater and the need for a larger area for installation of
the treatment system.
The MBBR system for working with biomass in suspension and adhered to the carriers,
naturally requires higher introduction of DO compared to the activated sludge system, which
makes it a disadvantage since it increases the energy demand of the process.
While Ødegaard recommended maintaining a DO concentration between 2 and 5 mg/l
without compromising the efficiency of the system [19], Rusten recommended a DO
concentration between 2.5 to 3.0 mg/l, stating that from these values the nitrification
process is initiated [20].

Food to Microorganism Ratio (F/M)
Food to Microorganism Ratio is an operational parameter commonly used in activated
sludge systems and is based on the amount of food or available substrate per unit mass of
microorganisms [32]. The need to know this ratio is to ensure that there are sufficient
microorganisms for organic matter degradation. If the F/M is unbalanced it can compromise
the efficiency of the system. Quantification of F/M in the MBBR process is equivalent to
the activated sludge system, adding only the portion of attached biomass [27]. In literature
this ratio varies between 0.08-0.24 g COD/g MLSS/day or 0.1-0.30 g COD/g MLVSS/day
[27] [32]. The Equation 3.4 below shows how to calculate F/M [32].
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𝐹

=
𝑀

𝑄∙𝑆˳

Equation 3.4

𝑋∙𝑉

Where:
Q: Inlet flow rate (m3/day)
S˳: Inlet BOD or COD (mg/L)
X: MLVSS (mg/L)
V: Reactor volume (m3)

Hydraulic Retention Time (HRT)
The Hydraulic Retention Time (HRT) can be defined as the ratio between the reactor
volume and the influent flow rate [27], expressed by Equation 3.5.
𝑉

𝐻𝑅𝑇 = 𝑄

Equation 3.5

HRT values can widely vary in the literature. Table 5 gives some examples.
Table 5: HRT values used in previous research. Adapted from Minegatti [27].
Authors

HRT (h)

WANG et al. (2006)

6

LUOSTARINEN et al. (2006)

2.4 ± 0.7

BORGHEI and HOSSEINI (2004)

8 to 24

DAUDE and STEPHENSON (2003)

18 and 28

JAHREN et al. (2002)

14 to 30

HELNESS & ØDEGAARD (2001)

3

SUNNER et al. (1999)

1.8 and 3.5

ANDREOTTOLA et al. (2003b)

13 to 70

RUSTEN et al. (1994a)

2,2 to 3,9

RUSTEN et al. (1994b)

0,9 to 1,9

RUSTEN et al. (1995)

1,9 to 8,4

BROCH-DUE et al. (1997)

2.5 to 20.5

ØDEGAARD et al. (1994)

6 and 3

PASTORELLI et al. (1997)
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4 Effluent quality parameters
The water often contains impurities and components derived from the environment and
human or industrial activities that can change its purity. The evaluation of water quality
cannot be done only visually because there are millions of biological agent contaminants that
are not visible and discernible to the naked eye. Many of the effluent quality control
parameters is done through laboratory analysis with the use of specifics chemicals and
microscope.
The quality indicators parameters can assess the physical, biological and chemical
characteristics of the effluents and can accuse impurity and pollution when reaches values
higher than established by the local legislation. [21].

4.1.1. Physical Parameters
•

Temperature: heat measurement. It is a very important parameter as it influences on
aquatic life. May vary due to natural sources of heat such as the sun or seasons of
the year and due to industrial activities.

•

Turbidity: measures the clarity of the water body, which may become opaque due to
the presence of particles and microorganisms. It is measured by the passage of light
through water. It can be used as an indicator of potential pollution.

•

Suspended Solids (SS): material retained in the filtering of a wastewater sample.

•

Dissolved Solids (DS): material that passes through the filter in the filtering of a
wastewater sample.

•

Taste and odor: can be altered due to natural and artificial causes. To be drinkable,
the water must be tasteless and odorless.

•

Conductivity: ability of the water to conduct electric current. It is related to the
presence of dissolved ions.

4.1.2. Biological Parameters
•

Coliforms: can be found in human and animal feces. Water bodies receiving
domestic sewage without adequate treatment may indicate a large amount of these
pathogenic microorganisms.

•

Algae: if in large number, can bring serious problems such as eutrophication (see
4.2).

4.1.3. Chemical Parameters
•

pH (Potential of Hydrogen): indicates the acidity, neutrality or alkalinity of a medium.
It can vary between 7 and 14, being acidic with values lower than 7, neutral equal to
7 or alkaline if higher than 7. Since the aquatic life depending on the pH of the water
is recommended values between 6 to 9 [21].

•

Hardness: is the result of the presence of calcium and magnesium or other metals.
If in great quantity; causes unpleasant taste and laxative effects. In terms of hardness
the water may be soft, if less than 50 mg/l CaC03; moderate, between 50 and 150
mg/l CaCO3; hard, between 150 and 300 mg/l CaC03 and very hard if greater than
300 mg/l CaC03 [21].
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•

Nitrogen (N): there are several sources of nitrogen in natural waters, being: organic,
ammoniacal, nitrite and nitrate [21]. Nitrogen compounds are nutrients for biological
processes but if discharged in large amounts into the water bodies together with
phosphorus and other nutrients, causes the enrichment of the medium making it
more fertile and enables the accelerated growth of living beings, especially algae (see
4.2).

•

Phosphor (P): it is found in water in different forms such as orthophosphate,
polyphosphate and organic phosphorus [21]. Increasing the concentration of these
nutrient in aquatic ecosystems results in eutrophication (see 4.2).

•

Dissolved Oxygen (DO): is indispensable for aerobic organisms and essential in
wastewater treatment with aeration tanks (see 3.3).

The oxygen content in the treatment of wastewater with aeration tanks is very important
since it can interfere directly in the effectiveness of the system. If in a small amount, it can
cause ecological imbalance and the extinction of aerobic organisms responsible for the
degradation of organic matter. To measure the amount of organic matter in the wastewater,
samples are collected and analyzed in laboratory. Some indicators for this quantification are:
Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand (COD) and Total
Organic Carbon (TOC).
•

Biochemical Oxygen Demand (BOD): it is the parameter most commonly used to
measure the content of organic matter in wastewater. It corresponds to the amount
of oxygen required for degradation of organic matter by aerobic microorganisms in
a given period. It is usually expressed in milligrams of oxygen per liter. If the
wastewater contains large amounts of organic matter the bacteria will use large
amounts of oxygen, therefore, the higher the pollution, the higher the BOD. To
analyze BOD, it is observed the rate of consumed oxygen in liquid samples in a
period of 5 days [21].

•

Chemical Oxygen Demand (COD): Measure the amount of oxygen required to
chemically oxidize the organic matter of a water body. The chemical method is faster
than the BOD since it takes 2 to 3 hours. For the same sample, the COD is always
greater than the BOD [21].

•

Total Organic Carbon (TOC): is an indirect measure of carbon. The TOC analysis
involves the oxidation of carbon and the detection of the carbon dioxide (CO 2)
produced by the oxidation [24]. TOC is an effective and fast method, which can be
done by instruments in a few minutes (see 6.1), being more convenient for measuring
organic matter, when compared to BOD and COD.

Eutrophication
Eutrophication or nutrient enrichment is a process that occurs due to excessive
accumulation of organic matter from wastewater and the development of algae in water
bodies [22]. It can occur naturally, spontaneously and slowly when produced by nature's own
elements, but in most cases, it happens due to human actions, when the wastewater is
released to rivers and lakes without proper treatment, generating an increase of the nutrients
and consequently higher algae and bacteria proliferation.
When algae growth becomes excessive, it begins to create layers on the water that prevent
the passage of sunlight and this directly affects the photosynthesis of aquatic plants that
supply oxygen to the environment. At the same time, bacteria and algae proliferation also
increase the oxygen demand (BOD). Without enough oxygen, many aquatic animals die and
14

consequently the rate of organic matter in water increase. In this way, the eutrophication of
water bodies is a cycle of difficult remediation.
According to the nutrient amount, lakes and rivers can be classified as oligotrophic (poor),
mesotrophic (moderate), or eutrophic (rich) [22] as can be seen in the Figure 12.

Figure 12: Oligotrophic, mesotrophic and eutrophic stage [23].
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5 Stora Enso Kvarnsveden
Stora Enso was formed in 1998 by the union of the Swedish company STORA and the
Finnish company Enso Oyj [3]. It is a large company that is spread over more than 30
countries and has more than 26 000 employees. It is a firm which focuses on producing
packaging, biomaterials, wooden constructions and paper as renewable materials as well as
for bioenergy production [4].
Stora Enso Kvarnsveden is one of the biggest mills in Europe located in the city of Borlänge
in central Sweden. It was founded in 1900 and today is one of the largest and most important
companies in the region which plays an important role in the city and the community, since
together with SSAB steel and Borlänge Energi cooperate in the production of energy and
district heating from the industrial heat. Almost half of the heat from SSAB and Stora Enso
Kvarnsveden is used to heat the district heating water of Borlänge [8]. The mill’s products
are newsprint, improved newsprint and uncoated magazine paper [5][6].
In November 2005, Kvarnsveden mill inaugurated the PM12, one of the world’s largest
paper machines to produce supercalendered (SC) paper, with an annual capacity of 420,000
tons [5][7]. Currently, the company is running two machines: PM10 for improved newsprint
and PM12 for SC paper. In 2013, the company decided to close the PM11 and in the summer
of 2017, PM8, which operated since 1931 [7] and this has generated a reduction in paper
production and consequently the load of wastewater.

Wastewater treatment plant at Kvarnsveden mill
Wastewater treatment process at Kvarnsveden pulp and paper mill consists of fiber
sedimentation basins, cooling, biological treatment in the MBBR followed by activated
sludge and a flotation plant, as shown in the following Figure 13.

Figure 13: Kvarnsveden wastewater treatment plant layout. With permission from Stora Enso
Kvarnsveden.
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Screening or pre-treatment is the first stage of the wastewater treatment. All wastewater rich
in fibers from the mill passes through floor ducts to a screen house where cleaning grids
separate coarser materials such as bark and wood residues. Wastewater is led to two primary
sedimentation tanks (Figure 14), where the sedimented material is separated. Flocculation
chemicals are dosed to the sedimentation stage to improve sedimentation. After this phase,
the effluent is led to a mixing chamber where it is possible to adjust the pH of the wastewater
with lime. Additives (phosphor and nitrogen) are added (which must be in adequate
proportions to enable cell growth without nutritional limitations) before the cooling water
pump's outlet in duct.

Figure 14: Primary sedimentation layout. With permission from Stora Enso Kvarnsveden.
After pre-treatment, the wastewater is led in a conduit to the biological stage. Since the
wastewater must be cooled to below 38°C for the biological process to work satisfactorily,
it passes through two heat exchangers. There, a partial stream of wastewater is pumped
through a heat exchanger, with the river water as a coolant.
After cooling, the wastewater is led to two bioreactors with the MBBR technology (Figure
15). In the reactor a decomposition of organic substances occurs with the help of
microorganisms (both suspended and adhered to plastic rings) and the introduction of
diffuse air. The carrier material remains in the reactor by placing a grid at the outlet.

Figure 15: MBBR layout. With permission from Stora Enso Kvarnsveden.
The wastewater is then led into the aeration tanks (Figure 16). In the same way as in the
bioreactor, the activated sludge stage uses microorganisms that break down organic
substances in the wastewater, so oxygen must also be supplied to the tanks. To increase the
decomposition, the water is mixed with return sludge that adds microorganisms to the
process.
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Figure 16: Activated sludge layout. With permission from Stora Enso Kvarnsveden.
From the aeration tanks, the wastewater and the sludge are led to the secondary
sedimentation (Figure 17) where will occur the sedimentation of the sludge to the bottom.
The sedimented sludge is collect from the bottom with suction-fed traverses that transport
the sludge to a sludge grave. From the sludge grave, most of the sludge return to the aeration
tanks and a small amount is fed to the sludge thickener as excess sludge.

Figure 17: Secondary sedimentation layout. With permission from Stora Enso Kvarnsveden.
After the biological treatment and secondary sedimentation, there is a flotation plant (Figure
18) where the purification of the wastewater is improved by the addition of chemicals. This
step is to be considered as a safety step. The resulting chemical sludge is pumped into a
separate pipe for sludge grave. The purified water from the flotation plant is then led to the
river.

Figure 18: Flotation layout. With permission from Stora Enso Kvarnsveden.
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MBBR at Kvarnsveden
Stora Enso Kvarnsveden wastewater treatment plant currently runs two parallel biological
reactors with MBBR technology, K150 and K151, as shown in Figure 19. The K150 was
built in 2004 and the K151, due to the increase in the wastewater load, in 2006. Each
bioreactor has about 9 million carriers moving freely in the wastewater creating a surface for
adhered biomass. 45% of the reactor volume is filled with carriers totaling 421,000 m 2 of
surface area where microorganisms can grow. Some features of the bioreactors are described
below:
• Surface diameter: 8 m;
• Bottom diameter: 6 m;
• Volume: 4,000 m³;
• Temperature: 30-35ºC;
• DO: 2-3 mg/l.

Figure 19: MBBR K150 on the right and K151 on the left.
Photo of Liv Macedo (March 2018).

5.2.1. Carriers
In Kvarnsveden there are two different carrier models used in wastewater treatment. The
plastic supports used by the company are the M2 with protected surface area of 200 m2/m3,
provided by AnoxKaldnes®. One of them is manufactured in Sweden and the other in
Germany. Both are 5 cm tall, but the German carrier is more conical, as shown in Figure 20.
The largest diameter is 6.5 cm on both, but in the Swedish the other diameter is 6 cm and
on the German about 5.3 cm. The K150 reactor, the first to be built has Swedish carriers,
while the K151 reactor built two years later has both models.

Figure 20: Swedish carrier on the left and German carrier on the
right. With permission from Maria Ekenberg - AnoxKaldnes®.
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6 Materials and Methods
In order to fulfil the project objectives, an analysis and performance evaluation of two
Moving Bed Biofilm Reactors (MBBR) situated at Kvarnsveden paper mill was done. To
carry out the evaluation of the biological reactors it was necessary to do previous research
and literary study in books and articles that approach the subject on the systems involved in
the question proposed by the company.
This research was developed by means of operating parameters measurements in a period
of 10 days, with 5 days (between April 23rd and April 27th) of parameters analysis of K150
and K151 running at the same time and 5 days (between May 3rd and May 9th) with only
K150 running. Although K151 be newer than K150, the reason for the choice was due to
the greater number of carriers of the German model being broken, after an estimative
analysis.
The estimative of broken carriers was made in order to get an idea of the current Filling
Ratio (VS/VR) (see 2.3.1) and for calculation purposes such as quantification of adhered
biomass. It was carried out by a repeated collect of 10 carriers and observed the number of
carriers broken among them.
The data and results of the measurements made in these 10 days were compared to the
report made by Lars-Erik Olsson from AnoxKaldnes® in 2005 (see Appendix A), obeying
the same required conditions such as:
•
•
•
•

COD reduction in the MBBR > 30%
COD into the river < 12 ton/d
Phosphor into the river <15 kg/d
Suspended material into the river <2,4 ton/d

Samples of the wastewater were collected in inlet and outlet points of the reactors (Figure
21) for analysis of TOC, suspended solids, nitrogen and phosphor. Daily values of flow, pH,
temperature, Dissolved Oxygen and TOC released into the river were collected from the
company's daily environmental reports. In some days of the measurement, some data is
missing in the reports, so the analysis was done based on the available data.

Outlet

Inlet

Figure 21: Samples of the wastewater and inlet and outlet points of collection. Photo of Liv Macedo (April
2018).

20

Total Organic Carbon (TOC)
To measure the amount of organic matter in the wastewater through TOC parameter, it was
necessary to filter the collected samples. After being filtered, the samples were introduced
into a TOC metering apparatus located in the wastewater treatment plant. The device is
called LAR's TOC analyzer QuickTOCultra [30]. The measurements take about 10 minutes
and is given in mg per liter of wastewater. The following Figures shows the steps for
measuring TOC.

Figure 22: Steps for measuring TOC. Filtration (A and B) and LAR's TOC analyzer QuickTOC ultra
(C). Photo of Liv Macedo (May 2018).

Adhered biomass
There are several procedures for quantifying the adhered biomass. For this research, the
quantification was determined by two different methods: by dry biomass weighing and
through carrier washing for determination of Total Suspended Solids (TSS) and Volatile
Suspended Solids (VSS).
In the first methodology, the procedure was carried out by drying 10 carriers (randomly
picked from the K150 reactor) in an oven at 105ºC for 24h. When cold, the carriers were
weighed, and the value was discounted from a clean carrier. Since the number of carriers in
the MBBR is known, it is possible to estimate the total adhered biomass in the reactors.

Figure 23: Dry biomass weighing. Photo
of Liv Macedo (May 2018).
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The second methodology for quantification of adhered biomass was carried out at
AnoxKaldnes® in Lund. It was extracted two carriers (one of each model) and removed the
biofilm with a brush while washing with tap water. After this, the total volume was noted,
and the samples were filtered (Figures 24 and 25). To obtain Total Suspended Solids (TSS)
the filters are taken to an oven at 105ºC. To measure the organic part of the biofilm, the
Volatile Suspended Solids (VSS), it was necessary to take the filters to an oven of 550ºC.
The weight lost characterizes the volatile solids in the sample. The biomass density is then
calculated according to Equation 6.1.

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =

𝑇𝑆𝑆 𝑜𝑟 𝑉𝑆𝑆 ∙𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑜𝑛𝑒 𝑐𝑎𝑟𝑟𝑖𝑒𝑟

Equation 6.1

Where:
Biomass density: g TSS/m2 or g VSS/m2
TSS or VSS: g/l
Volume of sample: l
Area of one carrier: m2

Figure 24: Samples in a mixing. Photo of Liv
Macedo (May 2018).

Figure 25: Filtration. Photo of Liv Macedo
(May 2018).

In addition to quantify the biomass adhered to the carriers, it was carried out a sinking test
where carriers were immersed in solutions with different densities. The first one had a
density of 1.036 g/cm3 and 50 g/l NaCl and the second a density of 1.073 g/cm3 and 100
g/l NaCl.

Suspended Solids (SS)
The SS quantification was made in the company´s laboratory by filtering 50 ml of inlet
wastewater and 25 ml of outlet wastewater as shown in Figure 26. After filtration, the preweighed filter was dried in an oven at 105ºC for 1h. After weighing, and discounting the
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weight of the clean filter, the SS value is multiplied by 20 times for inlet wastewater and 40
times for outlet wastewater. The value of SS is given in mg/l.

Figure 26: SS quantification. Inlet and outlet wastewater (A) and filters (B). Photo of Liv Macedo (May
2018).

Phosphor and Nitrogen
Analyzes for phosphor and nitrogen were done twice a week, with the first week referring
to the two reactors and the second week reflecting only the K150 reactor. It was measured
Filtered Nitrogen (NFilt.) and Total Nitrogen (NTot.) inlet and outlet MBBR and Filtered
Phosphor (PFilt.) and Total Phosphor (PTot.) inlet and outlet MBBR. In order to quantify these
parameters, it was followed the instructions of the supplier Laton® (Figure 27), obeying its
conditions:
•
•
•

1 mg/l < TNb <16 mg/l
0.05 mg/l < PO4-P < 1.50 mg/l
0.15 mg/l < PO4 < 4.50 mg/l

Figure 27: Phosphor and nitrogen instructions and analysis. Photo of Liv Macedo (May 2018).
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7 Results & Discussion
As mentioned before, this research was commissioned with the purpose of evaluating the
performance of the two MBBRs built for operations of the Stora Enso Kvarnsvedens
wastewater treatment plant, with possible results to drive only one bioreactor in the future
and save energy. This evaluation proposal was the result of the closure of a large paper
machine in the last summer and the inevitable decline of incoming wastewater to the
treatment plant. From data collected in the mill’s monthly environmental report it is possible
to see that the flow of incoming wastewater has greatly reduced if compared April 2017 and
April 2018, reaching 100 l/s less incoming wastewater, as can be seen in the Figure 28.
The results and discussions of this research were based on the methodology mentioned
previously in session 6. For performance evaluation and a possible proposal for the
operation of bioreactors under the new operative conditions, it was evaluated the current
condition of carriers and adhered biomass, both visually and in laboratory analysis;
Operating and control parameters such as Volumetric Loading Rate (VLR), Surface Area
Loading Rate (SALR), Dissolved Oxygen (DO), Food to Microorganism Rate (F/M) and
Hydraulic Retention Time (HRT); Flow, pH and temperature, from data extracted from the
daily and monthly environmental reports of Kvarnsveden; TOC; Suspended Solids (SS);
Phosphor and Nitrogen, obtained from measurements over a period of 2 weeks. It is worth
mentioning that there were some limitations to data collection and a deeper analysis of the
mentioned parameters (see 8.1).
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Figure 28: Incoming wastewater flow between January 2017 and April 2018. Data source: Kvarnsveden
monthly environmental report.

Carriers
A quantitative analysis of carriers in the K150 and K151 today is quite difficult, since it
passed more than 12 years of the construction and many of them have worn out and broken
during this period, as shown in the Figures 29 and 30. For this reason, the quantitative
analysis could only be done through an estimate count. In K150 reactor that has only carriers
of the Swedish model, 1 in 10 picked carriers were broken, a lower value compared with the
K151 reactor, in which 2-3 in 10 were broken, most of them from the German model. In
this context it can be estimated that there was a reduction of 10% in the number of carriers
in the reactor k150 and about 25% in the reactor K151 during these years.
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Figure 29: Broken carriers in the aeration tanks (subsequent
stage to the MBBR). Photo of Liv Macedo (April 2018).

Figure 30: Broken carriers in the K151. Most of the German model. Photo of Liv Macedo
(April 2018).
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Adhered biomass
In the same way as many carriers were broken and worn, most of them had also a very thick
biofilm, about 3-4 mm (see figure 31), which can result in clogging (see 2.4.3), not allowing
the subtracts and oxygen to reach the inner layers of the carrier, thus losing part of the
effective area of the biofilm and compromising the efficiency of the system. In addition,
they were also heavy. In test, all samples picked from the reactor sank into the water (see
figure 32).
In the report made by AnoxKaldnes® in 2005 (see Appendix A), the biofilm was evaluated
as very effective, being 1 mm thick. The increased thickness and weight may be due to several
factors such as increase of organic load in the reactor, low carrier movement or scaling, in
other words, deposits of calcium carbonate on them or accumulation of gravel and sand (see
2.4.3).

Figure 31: Carrier with thick biofilm. Photo of
Liv Macedo (May 2018).

Figure 32: Heavy carrier, result of a thick
biofilm. Photo of Liv Macedo (May 2018).

In the first methodology, the quantification of adhered biofilm was done through the dry
biomass, where 10 randomly chosen carriers were weighed. The weighing results are
described in the following Table 6:
Table 6: Adhered biofilm (gTS/carrier).
Carrier
Adhered
biofilm
1
2
3
4
5
6
7
8
9
10
(gTS/carrier) 15.63 13.61 16.10 12.60 16.46 15.65 9.39 15.24 15.66 15.89

Average
14.62

Since the number of carriers in the reactor is known, it is possible to estimate the total
adhered biomass in the reactors. In the MBBR process it is not common to relate the
adhesion capacity of the biofilm in relation to a carrier but in relation to its protected surface
area [27]. In this case, considering the weighting average value of 14.62 gTS/carrier, it is
possible to determine the amount of adhered biofilm per protected surface area.
Considering that each support has an area of 0.04 m2 and a protected surface area of
200m2/m3, the resulting amount of adhered biofilm will be equivalent to 365.5 gTS/m². If
multiplied the weighting average value of 14.62 gTS/carrier by the number of carriers in one
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liter (about 5 carriers) the result will be 73.1 gTS/l. If compared with values found in the
literature, the amount of adhered biofilm in the reactor is considered high. Minegatti, for
example, found a value of 40.3 gTS/m² [27] and Luostarinen, between 26-44 gTS/m² or 1322 gTS/l [31]. These results prove the existence of excessive biofilm adhered to the carriers,
making them heavy and clogged, affecting the efficiency of the system.
In the second methodology, the quantification of adhered biofilm was done through carrier
washing. The values are results from double samples. The first carrier had 6.2/6.16 g
TS/carrier, of which 5.19/5.28 g were organic. The other carrier (more conical) had
2.93/4.33 g TS/carrier and everything was organic, which results in 155/154 g TSS/m2,
129,75/132 g VSS/m2 and 73,25/108,25 g VSS/m2.
In the sinking test, the carriers sank in the density solution of 1.036 g/cm3 and 50 g/l NaCl
but did not sink into solution with density of 1.073 g/cm3 and 100 g/l NaCl, as can be seen
in following Figure 33 and 34. These results shows that there is not much scaling on the
carriers. Even so, it has very thick biomass, which can be solved by carriers washing the or
increasing the movement of the carriers in the reactor by introducing more air for some
period.

Figure 33: Sinking test with density solution of 1.036 g/cm3. Photo of Liv
Macedo (May 2018).

Figure 34: Sinking test with density solution of 1.073
g/cm3. Photo of Liv Macedo (May 2018).
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Wastewater flow rate
During the measurements days, it was also recorded the flow rate in l/s of the incoming
wastewater to the reactor. In the first week, between April 23rd and 27th (Figure 35), the flow
behaved more constantly than between May 3rd and 9th, with a greater decrease on May 9th
(Figure 36). Despite this, the flow was as expected and within normal values.
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Figure 35: Incoming wastewater flow (l/s) between April 23rd and 27th.
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Figure 36: Incoming wastewater flow (l/s) between May 3rd and 9th.

pH
During the two weeks of experiment, the pH values ranged between 5.8 and 6.7 as shown
in the figures below. According to AnoxKaldnes® (see Diagram 1 in Appendix A), it is an
advantage if the pH is around 6.7 in the reactor, as it minimizes the risk of lime deposits.
The pH values in the report by AnoxKaldnes® ranged from 6.5 to 6.8, showing deficiency
on current values as April 23rd and 24th and May 3rd and 8th, which presented low values
compared to the others.
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Figure 37: pH between April 23rd and 26th.
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Figure 38: pH between May 3rd and 8th.

Temperature
The temperatures in the biological reactors presented adequate values, varying between
30.6ºC and 33ºC in the first week and 33.1ºC and 34ºC in the second week, as shown in
Figures 39 and 40.
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Figure 39: MBBR temperature between April 23rd and 27th.
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Figure 40: MBBR temperature between May 3rd and 9th.

Total Organic Carbon (TOC)
As mentioned before, TOC is an indirect measure of carbon. TOC analysis involves the
oxidation of carbon and carbon dioxide (CO2) detection produced by the oxidation (see
4.1.3). Since it is an effective and faster method, it is more convenient for measuring organic
matter, when compared to BOD and COD.
TOC is the parameter used to quantify the organic matter content in the wastewater at
Kvarnsveden. Results obtained from its measurement, using the methodology mentioned in
section 6.1, can be considered one of the most important for this research, since the main
aim is to make an investigation regarding the optimization of the TOC reduction across the
biological reactors.
TOC analysis in the incoming and outcoming wastewater, as well as the efficiency of organic
matter removal in the reactors, will be used as key parameters for the performance evaluation
and to propose a MBBR modification under the new operative conditions.
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Evaluations of TOC content in the reactors were compared with COD content of the
AnoxKaldnes® report made in 2005 (see Diagram 2 and 3 in Appendix A). The comparative
analysis was made based on the ratio of 3 to 1 of these two factors.
During the first week of measurements, TOC content in the incoming wastewater presented
a variation, with maximum value of 1420 mg/l on April 23rd and minimum value of 924
mg/l on April 27th. The outcoming water had a maximum value of 771 mg/l on April 23 rd
and minimum value of 530 mg/l on April 27th, as can be seen in the following Figure 41.
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Figure 41: TOC content between April 23rd and 27th.
With results of TOC content in the incoming and outcoming MBBR wastewater it is possible
to chart the TOC reduction during the first week of measurements, running both biological
reactors, as can be seen in the Figure 42.

23 APRIL 2018

24 APRIL 2018

25 APRIL 2018

42,64
41,46

41,93

42,31

45,7

TOC REDUCTION MBBR (%)

26 APRIL 2018

27 APRIL 2018

Figure 42: TOC reduction (%) between April 23rd and 27th.
The results above show reductions between 41 and 45%, and despite obeying the conditions
imposed by AnoxKaldnes® being higher than 30%, there was an efficiency loss in more
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than 20% during these years. This efficiency loss was expected since many carriers are worn
and broken, in addition to the excessive adhered biofilm.
The organic load applied to the bioreactor in ton per day is also given in Figure 43, in
addition to TOC content (unfiltered) in the water released into the river, in Figure 44 and
45. Both reported by the company’s environmental reports.
It is possible to note that since the wastewater pass through MBBR until to be released into
the river there is a reduction of the organic matter content by more than 90%, which makes
the general process of Kvarnsveden wastewater treatment very effective (see Appendix A).
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Figure 43: TOC content (ton/day) between April 23rd and 27th.
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Figure 44: TOC content released into the river (mg/l) between April 23rd and 27th.
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Figure 45: TOC content released into the river (ton/day) between April 23rd and 27th.
During the second week of measurements, the analyzes were done with only the K150
reactor working. TOC content in the incoming wastewater ranged a maximum value of 1340
mg/l on May 4th and minimum value of 670 mg/l on May 8th. The outcoming wastewater
had a maximum value of 882 mg/l on May 4th and minimum value of 396 mg/l on May 8th,
as can be seen in the following Figure 46.
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Figure 46: TOC content in K150 between May 3rd and May 9th.
The results show reductions between 32 and 40% (Figure 47), also obeying the conditions
imposed by AnoxKaldnes® being higher than 30%, but greater efficiency loss.
The organic load applied to the K150 in ton per day is also given in Figure 48, in addition
to TOC content (unfiltered) in the water released into the river, in Figure 49 and 50. Both
reported by the company’s environmental reports.
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08 MAY 2018

37,35
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34,17

32,41

40,89

TOC REDUCTION MBBR K150 (%)
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Figure 47: TOC reduction (%) in K150 between May 3rd and May 9th.
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Figure 48: TOC content in K150 (ton/day) between May 3rd and May 9th.
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Figure 49: TOC content released into the river (mg/l) between May 3rd and 9th.
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Figure 50: TOC content released into the river (ton/day) between May 3rd and 9th.

Suspended Solids (SS)
Suspended Solids in the MBBR process may vary considerably with inlet concentration. In
addition to this, MBBR also has a large amount of suspended biomass as result of biofilm
detachment [18]. Just as the biomass adhered to the supports, suspended biomass also
contributes to the removal of the organic matter, being a fundamental part of the MBBR
process, but the excessive volume of Suspended Solids can generate an undesired amount
of sludge in the bioreactor, compromising its efficiency and performance.
The quantification of Suspended Solids during the two weeks of measurements was done
based on the methodology described in section 6.3. Following data in Figures 51 and 52 are
the results.

SS - MBBR
Outlet (mg/l)

528

512

572

592

Inlet (mg/l)

24 APRIL 2018

25 APRIL 2018

26 APRIL 2018

108

78

140

154

Figure 40: TOC content released into the river (ton/day) between May 3rd and 8th.

27 APRIL 2018

Figure 51: Suspended Solids (mg/l) between April 24th and April 27th.
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SS - MBBR K150
Outlet (mg/l)

04 MAY 2018

60

40

54

210

212

296

352

464

Inlet (mg/l)

07 MAY 2018

08 MAY 2018

09 MAY 2018

Figure 52: Suspended Solids (mg/l) between May 4th and May 9th.
The results presented expressive amounts of Suspended Solids in the bioreactor, with an
average increase of almost 400% in both measurements weeks. This can occur due to the
large amount and biomass in the reactor that can detach from the carriers.

11

24 APRIL 2018

25 APRIL 2018

8

11
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SS (MG/L)

23 APRIL 2018

26 APRIL 2018

27 APRIL 2018

Figure 53: SS content released into the river (mg/l) between April 23rd and April 27th.

0,16

0,2

0,23

0,24

0,25

SS (TON/DAY)

23 APRIL 2018

24 APRIL 2018

25 APRIL 2018

26 APRIL 2018

27 APRIL 2018

Figure 54: SS content released into the river (ton/day) between April 23rd and April 27th.
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Figure 55: SS content released into the river (mg/l) between May 3rd and May 9th.
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Figure 56: SS content released into the river (ton/day) between May 3rd and May 9th.
The amount of Suspended Solids released into the river presented normal values (see Figure
53 and 55 above) compared with AnoxKaldnes® report (see Appendix A).

Phosphor and Nitrogen
Removal of nutrients such as phosphor and nitrogen from wastewater before being released
into the environment is very important to avoid eutrophication (see section 4.2). There are
several sources of nitrogen in the wastewater, being: organic, ammoniacal, nitrite and nitrate
[21]. Phosphor is found also in different forms such as orthophosphate, polyphosphate and
organic phosphorus [21].
The phosphor and nitrogen analyze were done twice in the first week of measurements and
twice in the second. It was measured Filtered Nitrogen (NFilt.) and Total Nitrogen (NTot.) inlet
and outlet MBBR and Filtered Phosphor (PFilt.) and Total Phosphor (PTot.) inlet and outlet
MBBR. The results can be seen in the following Tables 7, 8, 9 and 10.
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Table 7: Filtered Nitrogen and Total Nitrogen inlet and outlet MBBR on April 26th and 27th.
Date
April 26th
April 27th

Nfilt. Inlet (mg/l)
12.05
10.50

Nfilt. Outlet (mg/l)
7.58
8.20

NTot. Inlet (mg/l)
13.30
12.45

Table 8: Filtered Nitrogen and Total Nitrogen inlet and outlet MBBR on May 8th and 9th.
Date
May 8th
May 9th

Nfilt. Inlet (mg/l)
7.44
7.59

Nfilt. Outlet (mg/l)
6.55
7.79

NTot. Inlet (mg/l)
8.83
8.05

Comparing the nitrogen measurements results with the report made by AnoxKaldnes® in
2005 (see Appendix A), it can be noted that the values of Ntot. inlet MBBR on April 26th and
April 27th are much higher, with an increase of almost 100%, on the other hand, on May 8th
and May 9th did not have much difference. The reduction of Nfilt. was about 30% in the first
week and in the second week, with only the K150 working there were no significant
reductions of Nfilt in the reactor. Even though, the nitrogen measurements had normal
values, considering the system design, where nitrification occurs most in the subsequent step
of MBBR (see Figure 9). All values were within the supplier conditions of 1 mg/l < TNb
<16 mg/l.
Table 9: Filtered Phosphor and Total Phosphor inlet and outlet MBBR on April 26th and 27th.
Date
April 26th
April 27th

P filt. Inlet (mg/l)
1.42
1.13

P filt. Outlet (mg/l)
0.21
0.20

P Tot. Inlet (mg/l)
2.12
1.66

Table 10: Filtered Phosphor and Total Phosphor inlet and outlet MBBR on May 8th and 9th.
Date

P filt. Inlet (mg/l)

P filt. Outlet (mg/l)

P Tot. Inlet (mg/l)

1.61
1.97

0.19
0.40

2.42
2.47

th

May 8
May 9th

PTot. values reached closer values to AnoxKaldnes® report, a little below but no significant
changes. Pfilt. also reached some little below values compared to AnoxKaldnes® report. The
reduction was about 80% both in the first and second week of measurements. In the
AnoxKaldnes® report the reduction was also about 80%, which means that the efficiency
in the removal of phosphor is stable with good results.

Operating and control parameters
7.9.1. Volumetric Loading Rate (VLR)
It is described as the ratio between the organic load applied to the bioreactor and the volume
of the reactor, given by kgBOD or COD/m3·d (see 3.1). Extracted from the environmental
reports of Kvarnsveden, the monthly values of organic load applied to the bioreactor
measured in ton per day are described in the Table 11 below.
Table 11: TOC inlet MBBR (ton/day).
TOC inlet MBBR (ton/day)
Dec 2017

Jan 2018

Feb 2018

Mar 2018

Apr 2018

Average

20.7

19.4

25.5

20.9

20.0

21.3
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Based on these data and the 3TOC/1COD ratio it is possible to determine the VLR applied
to the bioreactors in the last months. The results are described in the following Table 12.
Table 12: VLR applied to MBBR (KgCOD/m3·d).
VLR applied to MBBR (KgCOD/m3·d)
Dec 2017

Jan 2018

Feb 2018

Mar 2018

Apr 2018

Average

7.8

7.2

9.5

7.8

7.5

7.9

VLR values widely vary in the literature, as can be seen in the Table 3, section 3.1. Brochdue et al. (1997) conducted his experiments treating different classes of effluents from a pulp
and paper mill and got VLR values between 2.7 and 26.9 kgCOD/m3·d [19] [27].

7.9.2. Surface Area Loading Rate (SALR)
It is described as the ratio between the organic load applied to the bioreactor and the total
surface area of carriers in the reactor, given by gBOD or COD/m2·d (see 3.2). It is an
exclusive parameter of the MBBR system.
Using the same organic load values applied to bioreactors between the months of December
2017 and April 2018, it is possible to set the values of SALR. The results are described in
the following Table 13 and 14, considering the hypothetical case of 9 million carriers in each
bioreactor and the estimated loss case of 10% in the K150 and 25% in the K151.
Table 13: SALR applied to MBBR (gCOD/m2·d) - Hypothetical case.
SALR applied to MBBR (gCOD/m2·d)
Dec 2017

Jan 2018

Feb 2018

Mar 2018

Apr 2018

Average

73.7

69.1

90.8

74.4

71.2

75.8

Table 14: SALR applied to MBBR (gCOD/m2·d) - Estimated case.
SALR applied to MBBR (gCOD/m2·d)
Dec 2017

Jan 2018

Feb 2018

Mar 2018

Apr 2018

Average

113.4

106.3

139.7

114.5

109.6

116.7

As VLR, SALR values depend very much on the type of effluent to be treated. Table 4 in
the section 3.2 give some examples of the variation of SALR in the literature. Minegatti et al.
(2014) obtained values about 100 gCOD/m2·d [1] for evaluation of a MBBR pilot plant for
a pulp and paper mill.

7.9.3. Dissolved Oxygen (DO)
Dissolved oxygen reached values within the range recommended by Ødegaard (1994),
between 2 and 5 mg/l [19] [27], except for April 23rd, with value of 1.6 mg/l. On the other
hand, it was below the value suggested by Rusten (1998) of 3 mg/l. The results can be seen
in the following figures below.
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Figure 57: DO - K150 (mg/l) on April 23rd, 24th and 26th.
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Figure 58: DO - K151 (mg/l) on April 23rd, 24th and 26th.
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Figure 59: DO - K150 (mg/l) on May 3rdand May 7th.
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7.9.4. Food to Microorganism Ratio (F/M)
F/M is an important factor for MBBR dimensioning since this ratio ensures that there are
sufficient microorganisms for organic matter degradation. If the F/M is unbalanced it can
compromise the efficiency of the system.
Based in Equation 3.4 in session 3.4 and values of inlet flow rate, COD, MLVSS and reactor
volume previously cited it was found a F/M ratio of 0,66 g COD/g MLVSS/day. In
literature, F/M values vary between 0.1-0.30 g COD/g MLVSS/day. Values above the
proposed limit means a deficiency in number of microorganisms for organic matter
degradation, being necessary introduction of more carriers in the reactor.

7.9.5. Hydraulic Retention Time (HRT)
According to wastewater flow rate data in section 7.3 and using Equation 3.5 it is possible
to calculate HRT during the measurements days. Tables 19 and 20 below gives these values.
Table 15: HRT between April 23rd and April 27th.
April 23
5,2

rd

April 24
4,2

th

April 25
5,2

th

HRT (h)
April 26th
April 27th
5,0
4,6

Average
4,8

Table 16: HRT between May 3rd and May 9th.
HRT (h)
May 3
4,1

rd

May 4
4,0

th

May 7
6,0

th

May 8th
7,4

May 9th
7,7

Average
5,4

HRT values can widely vary in the literature, since it is a parameter that depends on the
volume of the reactor and the wastewater flow rate. Table 5 in section 3.5 gives some
examples of HRT variation by several authors.

Performance evaluation and proposal for MBBR
modification under new operative conditions
Based on results presented throughout section 7 it is possible to make a brief evaluation of
MBBR performance in removal of organic matter. The following points summarize the
performance of the main parameters analyzed during the two weeks of measurements:
•

Carriers had very worn appearance and many of them were broken. It is estimated
that there was more than 20% loss in the reactors over 12 years of operation.

•

Adhered biomass was very thick, reaching 4 mm, exceeding the limits suggested by
the literature of 0.1 to 1 mm. Many carriers are clogged and heavy, but the results
did not show much scaling on them. All samples sank into the water and density
solution of 1.036 g/cm3 but did not sink into the density solution of 1.073 g/cm3.
The first methodology found an average value of 73,1 gTS/l and the second, 26,3
gTS/l.

•

pH values ranged between 5.8 and 6.7. The recommended value is about 6.7.

•

Temperature presented adequate values, varying between 30.6ºC and 34ºC.

41

•

TOC achieved reduction of 41-45% during the first week and 32-40% during the
second. Reductions were within the desired limits of >30% but lower compared to
AnoxKaldnes® report from 2005.

•

SS had an expressive increase of almost 400%, which may be due to the detachment
of adhered biomass.

•

Phosphor and Nitrogen presented normal values, considering that reduction occurs
most in the following step to MBBR.

•

VLR had average value of 7.9 kgCOD/m3·d, within the limits found in the literature.

•

SALR had average value of 75.8 gCOD/m2·d for a hypothetical case and 116.7
gCOD/m2·d for an estimated case, within the limits found in the literature for a pulp
and paper mill.

•

DO reached values within the range recommended by literature of 2 - 5 mg/l, expect
one day with value of 1.6 mg/l.

•

F/M presented value 0,66 g COD/g MLVSS/day, above the range found in
literature (0.1-0.30 g COD/g MLSS/day). It means deficiency in number of
microorganisms for organic matter degradation.

•

HRT average value was 4.8 hours in the first week and 5.4 hours in the second week.

Even with reduced performance over the years, the reactor showed good results in almost
all parameters. The efficiency in TOC removal was within the desired limits of >30% and
remained stable. To improve the bioreactor performance in organic matter degradation, it is
suggested the removal of the excessive part of adhered biomass, since this huge thickness
can lead to clogging, which reduces the entry of substrate and oxygen to the inner regions
of the biofilm, thus losing effective area and decreasing the system efficiency. This may be
done by carriers washing or introducing more air during a period, increasing the movement
and shock between the carriers causing detachment of part of biomass.
Besides the removal of excessive adhered biomass, the increase of number of supports may
provide more area for the microorganisms to grow and expand the reactor capacity, in
addition to recover the area lost by the broken carriers over the years. The decrease of
Surface Area Loading Rate (SALR) by a new filling ratio (VS/VR) will improve the reactor
performance that will receive the load that was previously divided between K150 and k151.
As the carriers used in Kvarnsveden are relatively big, the filling ratio may not exceed 60%
of the reactor volume, since it can compromise the movement of carriers. In this case, the
proposal is to increase the current filling ratio from 40% to 50%. After the modification, a
suggestion is to run new measurements, to see how the bioreactor behaves.
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8 Conclusions
This research was based on the analysis of important operational parameters for the MBBR
system. During the two weeks of measurements, parameters such as the current condition
of carriers, quantification of adhered biomass, pH, temperature, TOC reduction, Suspended
Solids (SS) content, Phosphor, Nitrogen, Volumetric Loading Rate (VLR), Surface Area
Loading Rate (SALR), concentration of Dissolved Oxygen (DO), Food to Microorganism
ratio (F/M) and Hydraulic Retention Time (HRT) were evaluated. With the analysis of these
parameters it was possible to evaluate the MBBR performance and suggest system
modifications under the new operative condition.
According to TOC removal, the system presented satisfactory performance (>30%, the
recommended by AnoxKaldnes®) but not excellent. So, with the closure of a bioreactor,
part of the number of unused carriers can be transferred to the other bioreactor, thus
increasing the filling ratio (VS/VR) and creating more surface area for growth of new
microorganisms. The suggestion was to increase from 40% to 50%.
In addition, it was proposed a carrier washing or the increase of airflow in the bioreactor,
allowing the removal of excessive biomass.

Limitations of the Study
As most studies and researches, there are some limitations that may, in some way, affect the
measurements results. Some of them are listed in the points below.
•

Since the MBBR system in Kvarnsveden has approximately 14 years of operation,
the analysis and quantification of carriers and total adhered biofilm in the reactors
can only be done through estimates.

•

For quantification of the dry biomass, it was not possible to obtain a virgin carrier,
then the measurement was made based on a washed carrier, which is not ideal.

•

Insufficient material for technical research, old documents and old evaluations
reports, making it difficult to chart a route to system efficiency over the years.

•

For a few weeks before the measurements there was a problem of excessive foam
formation in the treatment plant, making it impossible to start the measurements
before, shortening the analysis time.

•

Data from previous studies on MBBR systems for pulp and paper mills is still very
limited.

Recommendations for Future Work/Further Study
Since many carriers are old and worn out, a suggestion for future work may be to find a
model that can be suitable, durable and efficient for the Kvarnsveden MBBR system, or
even a study for the creation of an own carrier model made by cellulose sponge.
Another recommendation is the application of different levels of oxygen in the bioreactor
to see how it behaves, trying to find a balance between efficiency in removal of organic
matter and energy consumption.
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