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Abstract

High-rate algae ponds (HRAP) for wastewater treatment have received great interest, as they
are a microalgae-based treatment system that optimize the growth of microalgae, have less
space requirements than facultative and maturation ponds and have proven to successfully treat
a variety of wastewaters. A new demonstrative-scale HRAP (45 to 75 m?3) is currently under
construction at the Universidade Federal de Minas Gerais, Brazil. In the present study the
performance of this HRAP is predicted by simulations employing the BIO_ALGAE 2 model, which
has been adapted to the Reaction Engineering interface of the modelling software COMSOL. The
influence of hydraulic retention time (HRT, from 3 to 8 d) and useful operational depth (0,3 or
0,5 m) was evaluated. The results showed that the best performance of the HRAP is achieved
when operating with an HRT of 8 d, being slightly better when the depth was 0,5 m. With these
conditions, the results suggest that the HRAP may be capable of accomplish with the Brazilian
regulation for sewage treatment. Furthermore, the biomass produced could be harnessed for
other purposes (as, for example, in the production of biogas or biofertilizer). However, when
reducing the HRT under 8 d, the microalgal concentration in the system drastically decreases.

Keywords: microalgae-based treatment system, HRAP, upflow anaerobic sludge bed reactor,
nitrogen and phosphorus removal, biomass growth, mathematical modelling, numerical
simulations.



1. Introduction

Conventional wastewater treatment in activated sludge systems is a well stablished technology
that achieves excellent results in terms of bioremediation. However, these processes involve
high energy consumption, high operational costs and generate an important amount of waste
sludge, which also has to be treated. For these reasons, during the last decades there has been
and increasing interest in alternative treatments that may result more sustainable. Among these
alternatives, microalgae-based treatments have long been studied, as they present several
advantages. The photosynthetic activity involves the production of oxygen and the increase of
pH, which enhances the conditions in the system for the removal of a variety of pollutants and
reduces the aeration energy demand and cost. The activity of bacteria benefits from the
presence of the microalgae, existing an exchange of substrates and may even form consortia
(Alcantara et al.,, 2015; Roostaei et al.,, 2018). Furthermore, the growth of the microalgae
involves the fixation of carbon dioxide and the excess biomass can be valorised in diverse ways,
as for example the production of biofuels, biogas, bioifertilizers or fish food (Dani et al., 2016;
Dineshkumar et al., 2019; Du et al., 2019; Mehrabadi et al., 2015; Park et al., 2011). Among the
different reactor configurations, high-rate algae ponds (HRAP) are probably those of greatest
interest, as they optimize the growth of microalgae, have less space requirements than
facultative and maturation ponds and have proven to successfully treat a variety of wastewater
types (Alcantara et al., 2015; de Godos et al., 2010; Garcia et al., 2000; Tarlan et al., 2002).

Another alternative of high interest are anaerobic wastewater treatments, which take profit of
anaerobic digestion to both treat the wastewater and produce biogas from the degradation of
organic matter performed by microorganism in absence of oxygen (Lier et al., 2008; Meegoda
et al.,, 2018). These systems are capable of treating wastewater with high chemical oxygen
demand (COD) rates in a smaller space than conventional treatments and with lower operational
cost. The main energy requirement of this type of treatment is for heating the reactor, which is
usually required to perform the anaerobic digestion. However, in warm climates with high
ambient temperatures, heating could be avoided. The most successful example of anaerobic
reactor is the upflow anaerobic sludge bed reactor (UASB), whose configuration allows high
sludge retention time and low hydraulic retention time (Daud et al., 2018; Lier et al., 2008).

In the last few years, the combination of both technologies has been proposed and tested. There
are a few examples in the bibliography that use UASB-HRAP systems, where the UASB provides
a primary treatment and biogas production, leading to a more adequate effluent for the HRAP.
It is especially considered a suitable option for developing countries with tropical climate, as the
costs involved in their operation and maintenance are lower than those of activated sludge
treatments and may even suppose a net profit depending on the biogas production and
utilization (Chatterjee and Ghangrekar, 2017; Daud et al., 2018; Vassalle et al., 2020b, 2020a3;
Villar-Navarro et al., 2018). More extensive information about both technologies can be found
in the State of the art section.

At the Universidade Federal de Minas Gerais, UFMG (Belo Horizonte, Brazil), the Departamento
de Engenharia Sanitaria e Ambiental, DESA (Sanitary and Environmental Engineering
Department), operates a demonstrative-scale UASB reactor with a working volume of 343 L that
receives raw sewage with a flow rate of 49 L-h%. Its performance has already been proved and,
further, two pilot-scale HRAPs with an operational volume of 205 L each were tested to treat
part of the effluent of the UASB reactor, with a flow rate of 25.5 L-d%. The results obtained for
water quality parameters, that can be found summarized in Table 1, comply with the
requirements established at the local legislation (Vassalle et al., 2020b).



Parameter UASB-HRAP removal
Chemical Oxygen Demand 72%
Total nitrogen 30%
Total suspended solids 59%
Volatile suspended solids 58%

Table 1. Removal of wastewater pollutants in the UASB-HRAP system operated at UFMG by Vassalle et al., 2020b.

Currently, the DESA aims at following this line of research and a demonstrative-scale HRAP is
under construction to treat the whole effluent from the UASB reactor, with a working volume
of 45 m* or 75 m? depending on the useful operational depth (0,3 or 0,5 m, respectively). Apart
from the climatic conditions (solar radiation and temperature), the efficiency of the HRAP
drastically depends on the proper design and operation of the ponds. However, conversely to
conventional activated sludge reactors, the design and operation procedures of HRAPs are not
consolidated and scaling up from lab and pilot experimental results may not be straightforward.
Computational modelling and simulations can be used as a tool to assist and verify the design
and optimization of wastewater treatment systems, as it is proposed hereby for the optimization
of a demonstrative scale HRAP. Through biokinetic modelling, the biological activity of
microalgae and bacteria can be analysed, and the treatment efficiency and the biomass
production can be predicted (Solimeno et al., 2017).

The objective of the present study is to predict the performance of the demonstrative-scale
HRAP and propose strategies to optimize its operation, in order to obtain proper pollutants
removal and biomass production, through modelling and simulations. In particular, the
performance of the HRAP has been simulated using the BIO_ALGAE 2 model (Solimeno et al.,
2019) through COMSOL Multiphysics® software, and the optimum theoretical hydraulic
retention time (HRT) and depth to obtain a proper wastewater treatment has been determined.
Moreover, the conditions to obtain the maximum biomass production have been established,
as it may result of interest to its valorisation (for example for biogas production).

2. State of the art

2.1 Microalgae-based wastewater treatment

Microalgae has been extensively used to remove pollutants in thousands of communities, as
facultative and maturation ponds. However, these systems do not focus on optimize algae
growth. In this regard, HRAP have been developed and widely studied, resulting efficient for a
variety of influents as urban, agricultural and industrial wastewater, and anaerobic digestion
effluents (Alcantara et al., 2015; de Godos et al., 2010; Garcia et al., 2000; Tarlan et al., 2002)).
HRAP are shallow raceway reactors in which a microalgae-bacteria consortia is developed and
the mixed liquor flows through the raceway driven by a paddlewheel (Figure 1).
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Figure 1. Schematic of a HRAP (Alcantara et al., 2015).

Microalgae biomass can grow using wastewater as feedstock, fixating CO; and assimilating the
nutrients (mostly nitrogen and phosphorus) present in the influent wastewater. Through
photosynthesis, microalgae generate the oxygen needed by heterotrophic and autotrophic
bacteria, also present in the mixed liquor, to aerobically degrade the organic matter and
ammonium present in the wastewater (Figure 2). The research involving HRAP has increased
during the last few years, as can be seen in Figure 3.
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Figure 2. Schematic of photosynthetic oxygenation in microalgal-bacteria consortia. DOC: dissolved organic carbon
(Alcantara et al., 2015).
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Figure 3. Number of documents published by year (1977 — 2019) found in the bibliographic database Scopus about
UASB. The method employed was searching ‘HRAP OR “High-rate algal pond” OR “High-rate algae pond”’ in the field
‘Article title, Abstract, Keywords’. Acceded on 24t April 2020.

HRAP, and in general all microalgae-based wastewater treatments, present certain advantages
over conventional treatments, due to its versatility, easy operation and low operation and
maintenance costs. While the usual biological reactions performed by the diversity of
microorganisms take place, microalgae carry out photosynthesis, improving nutrient
assimilation and generating oxygen. The latter involves reducing costs in mechanical aeration.
Moreover, the high pH together with the oxygen concentrations improve removal of nutrients
and heavy metals, and pathogen inactivation (Alcantara et al., 2015). As carbon dioxide is
converted into biomass, microalgae-based treatments can be used to mitigate climate change
and even be combined with carbon dioxide capture technology. In addition, the biomass
produced is of high interest for the recovery of resources from wastewater, and even more
considering that, in this specific case, the microalgae growth costs are covered by the
wastewater treatment. A few examples of their uses may include co-digestion in anaerobic
reactors, production of biofuels and high-value products, biofertilizer and even as fish feed in
aquaculture (Dani et al., 2016; Dineshkumar et al., 2019; Du et al., 2019; Mehrabadi et al., 2015;
Park et al., 2011).

2.1.1 Removal of organic pollutants

Various microalgae species can grow photoautotrophically, heterotrophically and
mixotrophically, being able to consume both inorganic and organic carbon (Alcantara et al.,
2015; Roostaei et al., 2018). Moreover, there exists an exchange of substrates between
microalgae and the rest of microorganisms, basically with autotrophic and heterotrophic
bacteria, with which they can even form consortia (Robles et al., 2020). The whole metabolic
activity contributes to the degradation of organic pollutants (Alcantara et al., 2015).

2.1.2 Nitrogen and phosphorous removal

Assimilatory removal of these nutrients in domestic wastewater is mostly carried out by
photosynthetic organisms, as far as there is not enough organic carbon to perform it
heterotrophically with a sufficient level. Dissimilatory removal of nitrogen consists on a two
steps process: nitrification and denitrification. Nitrification consists on the oxidation of
ammonium to nitrite and, posteriorly, its oxidation to nitrate, and it is accomplished by
chemolitotrophic bacteria and archaea. For its part, denitrification is the reduction of nitrate to
nitrogen gas, carried out by heterotrophic bacteria (Figure 4). Both processes, nitrification and
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denitrification, happen concurrently as there is a diffusion gradient between the medium and
the inside of the biofilms and flocs constituted by algae and bacteria (Alcantara et al., 2015;
Delgadillo-Mirquez et al., 2016).

N
Treated
Wastewater NH," effluent
—— | DENITRIFICATION »  NITRIFICATION |—»
NH, BOD Photosynthetic O,
BOD 3

NO;, NO,

Figure 4. Schematic of denitrification-nitrification process in microalgal-bacteria consortia based treatments
(Alcantara et al., 2015).

The photosynthetic activity may cause an increase in the pH of the water when it is limited by
carbon availability. That phenomena usually happens at peak sun hours in ponds, and it involves
the shift of ammonium/ammonia equilibrium to ammonia formation, which can volatilize. At
the same time, and the pH increase can lead to the precipitation of phosphate by its combination
with calcium (Alcantara et al., 2015; Delgadillo-Mirquez et al., 2016).

The whole mechanisms can achieve the removal of nitrogen and phosphorus up to 98% and
95%, respectively (Alcantara et al., 2015).

2.1.3 Removal of heavy metals

There are several mechanisms involved in heavy metal removal by microalgae-based
treatments, directly related with their strategies to consume them or avoid their toxicity. They
comprise immobilization, gene regulation, exclusion or chelation, among other processes.
Passively, heavy metals are initially reversibly retained in cell surface by physical adsorption, ion
exchange and chemisorption, and later irreversibly retained by covalent bonding and surface
precipitation. All these mechanisms are due to the cell wall composition, that includes
polysaccharides, lipids and organic proteins, macromolecules rich in functional groups.
Microalgae can also, above a determinate metal concentration, excrete metalchelating
exopolysaccharides, decreasing their toxicity and promoting their adsorption to cell surface.
They can also bioaccumulate some metals by slow intracellular positive diffusion (Alcantara et
al., 2015; Leong and Chang, 2020).

As previously described for other pollutants, the pH increase can contribute to heavy metal
removal too. Concretely, it provokes their precipitation (Alcantara et al., 2015; Leong and Chang,
2020).

2.1.4 Removal of pathogens

The microalgae activity has been demonstrated to enhance pathogen deactivation, together
with solar irradiation. The mechanisms that contribute to this are pH, temperature and dissolved
oxygen concentration increase, as well as competition for nutrients, the release of algal toxins.
Moreover, pathogens can get attached to algae, directly exposing them to high pH and dissolved
oxygen production sites, in addition to increasing their capacity of sedimentation. In some cases,
the removal can achieve values higher than 90% depending on the climatic and operational
conditions and the algae species, among other factors (Alcantara et al., 2015; Dar et al., 2019).



2.1.5 Remediation of emerging contaminants

It has been shown that microalgae-based treatments can decrease the concentration of several
emerging contaminants, basically pharmaceuticals and care products, through diverse
mechanisms: bioadsorption to the cell wall or their secretions, bio-uptake via passive diffusion,
passive-facilitated diffusion or active uptake, photodegradation, and biodegradation through
enzymatic activity. The latest is the most convenient process as, differently to the other two
processes, the contaminant is degraded through catalytic metabolism, eliminating the problems
associated to the subsequent disposal of the biomass (Sutherland and Ralph, 2019).

2.2 Anaerobic wastewater treatment

2.2.1 Anaerobic digestion

Anaerobic digestion is a well-established technology, that allow to transform biodegradable
organic matter, into biogas by cause of its degradation by the action of microorganisms in
absence of oxygen. At the same time, it involves a reduction of the waste volume, which results
in a more stable configuration, the digestate. That digestate can be used as soil conditioner, for
example. Biogas can be used for producing electric and thermal energy, and also be treated to
directly fed the natural gas grid (Lin et al., 2013). Other possible substrates typically used are
sewage sludge and active sludge from wastewater treatment plants, municipal solid residues or
manure.

Four sequential stages take place during anaerobic digestion: hydrolysis, acidogenesis,
acetogenesis, methanogenesis (Figure 5). These processes depend on the interaction of a variety
of metabolic processes carried out by diverse microorganisms (Meegoda et al., 2018).
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Figure 5. Schematic of anaerobic digestion stages.

2.2.1.1 Hydrolysis

The substrates for anaerobic digestion are typically formed by complex organic compounds
which need a previous hydrolysis to be internally metabolized by microorganisms. Hydrolytic
bacteria secrete enzymes extracellularly which can hydrolyse carbohydrates, lipids and proteins
into sugars, long chain fatty acids (LCFA) and amino acids, respectively. However, some
compounds, as cellulose and hemicellulose, are difficult to degrade. In order to enhance this
process, enzymes can be added. Hydrolysis has a determinant influence in anaerobic digestion
rate, and it exists an enormous interest in pre-treatments focused on optimizing that step. The
optimum temperature and pH ranges for hydrolysis are 30-50 2C and 5-7, respectively (Gujer
and Zehnder, 1983; Lier et al., 2008; Meegoda et al., 2018).3.2.1.2 Acidogenesis

Acidogenic microorganisms can internalize hydrolysis products and generate volatile fatty acids
(VFA), between other products. The most abundant constituents are acetate, propionate and
butyrate, usually found in varying proportions from 75:15:10 to 40:40:20. Their production is
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dependent on pH. Acidogenesis is the fastest stage, involving the rapid accumulation of VFA and
the consequent acidification in the digester and being the main cause of process failure. Apart
from VFA, the amino acid degradation results in the production of ammonia that, at high
concentrations, has an inhibitory effect over anaerobic digestion (Meegoda et al., 2018).

2.2.1.3 Acetogenesis

The acetate produced in the previous step is conducted directly through acetoclastic
methanogenesis. However, the other VFA produced may be metabolized by acetogenic
microorganisms, which convert them and other intermediates into acetate and hydrogen.
Hydrogen could be detrimental for acetogenesis, but it is soon consumed by hydrogenotrophic
methanogens (Meegoda et al., 2018).

At their part, lipids follow a separate pathway of acetogenesis. Glycerol is transformed in acetate
through acidogenesis, while long chain fatty acids are metabolized to it via B-oxidation(Meegoda
et al., 2018).

2.2.1.4 Methanogenesis

Methanogenesis represents the last step of the anaerobic digestion process. This stage is
performed by methanogenic archaea, which are strictly anaerobic. Two third parts of methane
are produced via acetoclastic methanogenesis, while most of the remaining is generated via
hydrogenotrophic methanogenesis. There are other minor pathways as, for example,
methanogenesis from methanol. Methanogenesis takes approximately 40 days in batch reactors
(Meegoda et al., 2018).

Methanogenic microorganisms have, in general, a slow regeneration time and are sensitive to
low pH and high redox potential, in contrast with the optimum conditions for the previous stages
(Meegoda et al., 2018). For this reason, it has been suggested that a two stages operation,
separating methanogenesis from the previous steps, could step to an increased methane
production (Yun et al., 2016).

2.2.2 Wastewater treatment based on anaerobic digestion

The most conventional and widely applied wastewater treatment process is activated sludge,
which aerobically transforms organic matter into biomass and CO,. The activated sludge is a
versatile process, requires reduced volume and land occupation and can achieve low
concentration of pollutants in the effluent. However, it presents an elevated operational cost
due to the energy requirements for mixing and aeration, and involves high sludge yields. In this
respect, anaerobic treatments show several advantages. They generate up to 90% less sludge
and they require low energy supply to operate. Furthermore, as exposed above, methane is
generated and can be used as a biofuel for energy production (Lier et al., 2008). They are capable
of treating high COD loads in lower space than aerobic treatments and tolerate
fluctuations.(Daud et al., 2018).

2.2.2.1 Upflow anaerobic sludge bed reactor

Among anaerobic treatments, anaerobic sludge bed reactors are the most widely used for
wastewater treatment, especially for industrial wastewater, but also for municipal wastewater.
In this kind of reactor, sludge is constituted by aggregates which can easily settle. Moreover,
they count with inner gas-liquid-solids separation systems (Daud et al., 2018; Lier et al., 2008).

The most commonly found configuration for that kind of reactors is UASB, which have a plain
design and are capable of successfully retain high concentrations of sludge and properly
separated the different phases. In these reactors, wastewater flows upwards through an
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activated anaerobic sludge bed, where solids are adsorbed, and the organic part is converted to
biogas and biomass. The biogas rises to the top of the reactor dragging solids and water and
conducted through baffles to a gas-liquid surface to efficiently separate gas from the other
phases (Figure 6). The treated water released through apertures between the baffles and passes
to a settling area where the solid particles that was transported settle and slide back to the
reactor (Daud et al., 2018; Lier et al., 2008).

— Wastewater

—— Treated water

Biogas

Sludge blanket

Figure 6. Schematic of an UASB reactor.

UASB can operate with higher rates than complete stirred tank reactors (CSTR) and, therefore,
they involve lower hydraulic HRT and can achieve higher sludge retention times, needing to
discharge every three or four years. Moreover, it has low implementation and operating cost,
and requires simple maintenance and low operating costs (Daud et al., 2018). For these reasons,
there has been a growing interest in this technology over the last decades since it was developed
in the seventies (Lier et al., 2008), as can be seen in Figure 7.
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Figure 7. Number of documents published by year (1979 —2019) found in the bibliographic database Scopus about

UASB. The method employed was searching ‘UASB OR “Upflow Anaerobic Sludge Blanket” OR “Upflow Anaerobic
Sludge Bed Reactor” in the field ‘Article title, Abstract, Keywords’. Acceded on 24t April 2020.
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2.3 Combined UASB-HRAP systems for wastewater treatment

In general, UASB reactors can perform successfully in the removal of organic matter, but the
nutrients removal efficiencies are low or even negligible. Therefore, treated water from the
effluent of UASB reactors are nutrient-rich, and has shown to be proper to promote microalgal
growth. However, there are few cases or studies of the combination of UASB reactors and HRAP
for wastewater treatment. Concretely, 8 articles have been found in the literature resulting of
searching ‘["upflow anaerobic sludge bed reactors” OR UASB] AND [HRAP OR “high-rate algae
pond”]’ in the section Documents of the bibliographic database Scopus in the field Article title,
Abstract, Keywords (acceded on 24™ April 2020). From these papers, 7 refer directly to their
combination to treat wastewater (Chatterjee and Ghangrekar, 2017; Gutiérrez-Alfaro et al.,
2018; Santiago et al., 2013; Vargas e Silva and Monteggia, 2015; Vassalle et al., 2020a, 2020b;
Villar-Navarro et al., 2018), as a more sustainable alternative to conventional treatments, which
is capable of achieve proper removal rates for organic matter, nutrient (85,1+2,4% for ammonia
and 91+1% for phosphate according to Chatterjee & Ghangrekar, 2017), pathogens and, even, it
has shown to be effective to remove micropollutants (Chatterjee and Ghangrekar, 2017; Vassalle
et al., 2020b, 2020a; Villar-Navarro et al., 2018). It is considered a low-cost treatment compared
with ordinary ones, which can also involve a net gain if considering biogas production, biomass
valuation and treated water reuse. Therefore, it may be a suitable alternative to be
implemented, especially in developing countries from tropical areas with high ambient
temperatures that can facilitate the mesophilic methanogenic activity (Chatterjee and
Ghangrekar, 2017; Daud et al., 2018; Vassalle et al., 2020b). Furthermore, it has been
demonstrated that it is possible to improve the methane yields of the UASB by co-digesting the
wastewater with the biomass surplus from the HRAP, taking a direct profit of it in the same
system (Vassalle et al., 2020a).

2.4 Modelling of microalgae-based wastewater treatment systems

While mechanistic bacteria mathematical models for wastewater treatments has been properly
developed, validated and implemented, most of those regarding microalgae are simple steady-
state models, based on deterministic biological kinetics and designed to respond to a single
variating factor. In the last years, more complex dynamic models, which consider multiple
substrates and physical factors limitations, have been developed, basically following Droop’s or
Monod kinetics. For instance, growth limited simultaneously by nitrogen and light intensity.
There exist some mathematical models focused on characterise the interactions between
bacteria and microalgae (Solimeno et al., 2015).

With regarding to bacteria growth model, the most extended are the activated sludge models
(ASM) which were promoted by the International Water Association (IWA) The first version
included organic matter oxidation, nitrification and denitrification, with the kinetics and
stoichiometry based on Monod formulation. The following versions of this model were
developed to included phosphorus removal and a more realistic description of decay processes,
as well as a better description of cell internal storage compounds. The ASM presents some
limitations. For instance, as it was calibrated from data obtained at experimenting at a
temperature range of 8-232C and pH 6,5-7,5. When out of this ranges, the model results may
not be representative of the real behaviour of the system. Moreover, the coefficients related to
bacteria processes were set as constant for all types of wastewater. However, the ASM has been
extended in different ways in literature in order to improve it or include new processes, so it can
be employed as a base to generate new and more complex models (Solimeno et al., 2015).
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Among the microalgae-bacteria models, the river water quality model no.1, RWQM1, may be
considered as a reference for subsequent models. It was also developed by the IWA, and it is
based on mass balance of chemical elements, which are expressed as biochemical oxygen
demand (BOD), and incorporates the chemical equilibrium of nitrogen, carbon and phosphorus
species. Its kinetic expressions refer to functions of nutrient availability, temperature and light.
One of the models which has took as reference the RWQM1, as well as the ASM3, is the
BIO_ALGAE model. Furthermore, it incorporates the carbon limitation for microalgae and
nitrifying bacteria, in addition to the dependence for microalgae and bacteria, the effect of light
intensity on the photosynthesis, light attenuation, pH dynamics and the effect of excess of
dissolved oxygen (Solimeno et al., 2015).

3. Materials and methods

3.1 High-Rate Algae Pond at demonstrative scale

The new HRAP (Figure 8, A), which is currently under construction, will have a total depth of
0,7m, and an adjustable useful operational depth of 0,5m or 0,3, corresponding to a working
volume of 75m® and 45m?3, respectively. The design contemplates a velocity of mixture of
0,15m-s?, performed by stainless steel paddles. The construction is carried out by masonry and
waterproofed with high density polyethylene.

As presented in the introduction, experimentation with two pilot-scale HRAPs with a working
volume of 205L has been carried out in previous studies to test their capability of treating the
effluent of a UASB (Figure 8, B) in Minas Gerais, as part of a domestic wastewater treatment
(Vassalle et al., 2020a, 2020b). Photographs of the pilot HRAPs and the UASB reactors are shown
in Figure 9. The data obtained during a campaign of measurements of approximately one year
(8500 hours) were employed in this study to calibrate the model. Moreover, the characteristics
of the influent, water temperature and irradiance were also used during the simulations for
predicting the functionality of the new HRAP.

A) UASB
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Biomass

volume

B) UASB Settler
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Figure 8. Diagram of the whole treatment system for the new HRAP (A) and the pilot-scale HRAPs (B).
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Figure 9. Photographs of the UASBs (left) and HRAPs (right) operated by the DESA (UFMG).

3.2 BIO_ALGAE 2 model

3.2.1 Description

BIO_ALGAE 2 is one of the most recent mechanistic model that describes the physical, chemical
and biological interactions occurring in algal-bacterial systems (Solimeno et al., 2019, 2017;
Solimeno and Garcia, 2017). It is the result of combining a microalgae activity model (Solimeno
et al., 2015), the modified River Water Quality Model 1, RWQM1, and Activated Sludge Model
No.3, ASM3 (lacopozzi et al., 2007), together with the addition of new elements, as the limitation
of carbon availability for the growth of microalgae and the growth of autotrophic bacteria
(Solimeno et al., 2017). Moreover, this second version of the BIO_ALGAE model includes the
variation of microalgae and bacteria activity as a function of pH, temperature and dissolved
oxygen in the culture, as well as the possibility of establishing CO; injection for pH control
(Solimeno et al., 2019). The components and processes are briefly described in the followings
(and schematically represented in Figure 10). Further details can be found in Annex Il. For the
whole description of the model, the reader is referred to Solimeno et al., 2015, 2017, 2019.

3.2.1.1 Components

There are 19 components included in the model which can be divided as dissolved (a total of 13)
and particulate (the remaining 6), and their nomenclature follows the commonly used by the
IWA, models (Solimeno et al., 2019, 2017, 2015).
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3.2.1.1.1 Particulate components

1.

Microalgae biomass, Xac [g COD m™3]: its value increases with those processes that
promotes microalgae growth, while it decreases because of endogenous respiration and
decay of microalgae.

Heterotrophic bacteria, X [g COD m™3]: its growth is dependent on the organic matter
availability, as it is the source of carbon and energy of that microorganisms, that can
grow both aerobically and anoxically. It decreases by endogenous respiration and decay.
Ammonium oxidizing bacteria, Xaos [g COD m™3]: it corresponds to the fraction of the
bacterial biomass which performs the firsts step of the nitrification, the oxidation of
ammonium to nitrite. They grow under aerobic conditions and decrease by endogenous
respiration and decay.

Nitrite oxidizing bacteria, Xnos [g COD m~3]: these bacteria are responsible for the second
step of nitrification, oxidizing nitrite to nitrate. As the previous microorganisms, they
grow aerobically, and their value declines by endogenous respiration and decay.
Slowly biodegradable particulate organic matter, Xs [g COD m™3]: it is conformed by the
part of particulate organic matter which is hydrolysable and convertible into readily
biodegradable organic matter or inert organic matter (both dissolved components
explained below). A fraction of it is present in the influent, while the other one is
originated from the decay of the biomass.

Inert particulate organic matter, X, [g COD m™]: it is the fraction that remains after the
hydrolysis of particulate organic matter. It is assumed to be present in the influent and
it increases by the decay of microorganisms.

3.2.1.1.2 Dissolved components

1.

Ammonium nitrogen, Swua [g NHF -N m~]: it enters the system in the influent and it is
also generated by all the microorganisms because of the endogenous respiration and
decay. It decreases by consumption by microalgae, heterotrophic bacteria and during
nitrification.

Ammonia nitrogen, Swws [g NH3-N m™3]: it exists in acid-base equilibrium with
ammonium, and only works as a gaseous component in the model. Its volatilization
depends on pH, temperature and mixing conditions.

Nitrate nitrogen, Snos [g NO3-N m~]: it usually arrives in negligible concentration with
the influent, so it is assumed that it is only generated inside the pond by nitrification. It
is assimilated by microalgae and heterotrophic bacteria, being the latter also capable of
employing it as electron acceptor during denitrification, as they are considered
facultative.

Nitrite nitrogen, Snoz [g NO>-N m~3]: as in the case of nitrate, it is assumed that it is only
produced in the pond, as an intermediate in nitrification. It is consumed by nitrite
oxidizing bacteria and heterotrophic bacteria during denitrification.

Phosphate phosphorus, Spos [g POZ -P m~]: it is introduced in the pond with the influent,
and released from the oxidation of organic matter. Moreover, it is generated during the
respiration and decay of microorganisms, and assimilated by microalgae, heterotrophic
bacteria and autotrophic bacteria during their growth.

Dissolved oxygen, So; [g 0, m™]: it is produced during photosynthetic growth of
microalgae, and there exists transference with the atmosphere. Furthermore, it is
consumed during aerobic respiration and decay of the whole biomass.

Dissolved carbon dioxide, Scoz [g CO2-C m™]: it is in equilibrium with bicarbonate and
carbonate, and is generated during the growth of heterotrophic bacteria and during the
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10.

11.
12.

13.

respiration and decay of all types of microorganisms. There is also transference with the
atmosphere and it is consumed by microalgae and autotrophic bacteria

Bicarbonate, Sucos [g HCO3-C m™]: it is in equilibrium with carbon dioxide and
carbonate, and it is consumed by microalgae.

Carbonate, Scos [g CO%7-C m~]: it is in chemical equilibrium with carbon dioxide and
bicarbonate, and it is consumed by both microalgae and autotrophic bacteria.
Hydrogen ions, Sy [g H* m™]: they are generated by ammonium oxidizing bacteria and
heterotrophic bacteria, and their levels decrease during the growth of microalgae and
nitrifying bacteria and because of the endogenous respiration and decay of biomass.
They are involved in acid-base equilibria including the carbonate, ammonium and
phosphate systems.

Hydroxide ions, Son [g OH-H m™3]: they are in equilibrium with hydrogen ions.

Readily biodegradable soluble organic matter, Ss [g COD m™]: this is the fraction of
soluble organic matter which is directly biodegradable by heterotrophic bacteria. It
arrives to the ponds in the influent and is generated through the hydrolysis of
biodegradable particulate organic matter.

Inert soluble organic matter, S, [g COD m™]: this is the fraction of soluble organic matter
that is not readily biodegradable by heterotrophic bacteria. As in the case of the readily
biodegradable soluble organic matter, it enters the pond with the influent and is
produced during the hydrolysis of the biodegradable particulate organic matter.

3.2.1.2 Processes

The processes included in the model are those described by Solimeno et al., 2015 for microalgae
growth. The bacterial processes were inspired by the River Water Quality Model 1, RWQM1, and
the modified ASM3. However, the model neither considers processes related with the storage
of readily biodegradable soluble organic matter nor anaerobic biological processes. Likewise,
the absorption and desorption of phosphate on particulate matter were neglected.

1.

Growth of microalgae: it represents the increment of microalgae biomass per unit of
time, being the product of the maximum specific growth rate, the biomass
concentration at that precise moment and corrective factors to limit or inhibit the
growth. They grow with carbon dioxide and bicarbonate as carbon source and with
ammonia, ammonium or nitrate as nitrogen source. Carbon dioxide, ammonia and
ammonium have inhibitory effects above certain concentrations. That process is also
influenced by the irradiance, temperature and oxygen concentration.

Endogenous respiration of microalgae: this process depends on the concentration of
microalgae, as well as temperature and oxygen concentration.

Inactivation of microalgae: this process is affected by the same parameters as the
endogenous respiration.

Chemical equilibrium of CO, <> HCO3: it describes the equilibrium between both
species as part of the carbonate system.

Chemical equilibrium of HCO3 <> CO3™: it represents the remaining component of the
carbonate system.

Chemical equilibrium of NH} <> NHs: it describes the equilibrium between ammonium
and ammonia.

Chemical equilibrium of H* <> OH": it describes the equilibrium between both ions.
Oxygen transfer to atmosphere: it considers the transference of O, from the water to
the atmosphere.
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10.

11.

12.

13.

14.

15.

16.

17.

Carbon dioxide transfer to the atmosphere: it considers the transference of CO, from
the water to the atmosphere.

Ammonia transfer to the atmosphere: it considers the transference of NH; from the
water to the atmosphere.

Aerobic and anoxic growth of heterotrophic bacteria: it was developed with Monod
kinetics. While both processes use the same parameter and coefficient values, anoxic
processes include additionally a reduction factor. When the dissolved oxygen
concentration is 0,5 g m™ or higher, heterotrophic bacteria assimilate the readily
biodegradable substrate and consume ammonium, ammonia and nitrate as nitrogen
source. At lower dissolved oxygen concentration, nitrate is used as electron acceptor
and converted to nitrogen gas.

Aerobic and anoxic endogenous respiration of heterotrophic bacteria: it includes the
endogenous respiration, and it is limited by oxygen (for the aerobic part) and nitrogen
(for the anaerobic part). It generates carbon dioxide and transforms biomass into inert
organic matter.

Decay of heterotrophic bacteria: it prompts the transformation of biomass into slowly
biodegradable and inert organic matter.

Growth of autotrophic bacteria: it refers to the growth of the bacteria that carry out
nitrification, which is established as a process in two steps.

Endogenous respiration of autotrophic bacteria: it is modelled as the aerobic respiration
of heterotrophic bacteria.

Decay of autotrophic bacteria: this process is stablished in the same way as the decay
of heterotrophic bacteria but with different decay rates.

Hydrolysis: it is the process by which slowly biodegradable particulate organic matter is
transformed into readily biodegradable soluble organic matter. It is carried out by
heterotrophic bacteria.
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Figure 10. Schematic representation of the BIO_ALGAE model components and processes during day (left) and night

(right). * Components which enter the ponds in wastewater (Solimeno et al., 2017).

3.2.2 Model implementation

The model was implemented in COMSOL Multiphysics® software. COMSOL is a platform to
perform simulations of designs, devices and processes (“COMSOL Multiphysics® Software -
Understand, Predict, and Optimize,” n.d.). It has been chosen as it is a suitable tool for the
purposes of this study. Furthermore, it was the software employed by the authors of the model
to apply it and calibrate it (Solimeno et al., 2019, 2017). Moreover, due to the ability of COMSOL
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to combine different physics, the model presented in this study could be the basis for the
combination of BIO_ALGAE 2 with the hydrodynamic conditions inside the HRAP.

The computer employed to carry out the simulations was an HP Pavilion x360 Convertible 14-
dhixxx laptop, with an Intel® Core™ i5-10210U CPU @ 1,60GHz 2,11GHz processor and 8GB of
RAM.

In this study, the model was performed in a OD geometry, assuming that the ponds are perfect
mixed systems, as it is considered a close approach to reality without high computational
requirement. The interface chosen to implement de model was Reaction Engineering (RE), which
is part of the Chemical Species Transport branch. It differs from the option chosen by the authors
of the model in previous studies, who selected the Transport of Diluted Species (TDS) interface
with a 1D geometry instead (note that this interface cannot work with a 0D geometry, so the
authors had to select the 1D geometry, although they did not made an spatial study nor obtained
any variation along the geometry) RE interface has been proposed in this study in order to assess
the feasibility of reducing the computational costs and duration of the simulations. For this
reason, a comparison between both interfaces for this case study has been established as a
secondary objective.

The input data employed were those obtained during one year of monitoring the influents of
the two 250L HRAPs from UFMG.

3.2.3 Stoichiometric and kinetic parameters and model calibration

The model calibration was carried out employing the Parametric Sweep tool from COMSOL,
which allows for observing how the results are modified when varying specific parameters. The
simulations were firstly visually evaluated until satisfactory results were achieved, and
subsequently by calculating the minimum quadratic error function, S, in comparison to the real
measurements in the HRAPs (Equation 1). As an acceptable match to all the species could not
be achieved, priority was given to the total suspended solids (TSS, calculated as the sum of all
the particulate species), NH;{-N, NO3-N and Oy, as they are considered the most relevant
parameters to take into account when evaluating the performance of a HRAP.

Zn (Ci,exp - Ci,sim)
S(%) = : Cril'ex” -100% Equation 1

2

Ciexp: €Xperimental data for an i moment.
Cisim: simulated result for an i moment.
n: total number of data

3.2.4 Definition and simulation of scenarios

Once the model was calibrated, 12 different scenarios were set to evaluate the different
combinations of HRT and depth values (Table 2). In this way, it was possible to determine which
conditions would be more suitable for an optimal removal of pollutants and biomass production
in the new demonstrative HRAP.

Scenario 112|314 |5|6|7|8|9]|10|11]12
Depth (m) (0,3{0,5(0,3(/0,5(0,3|0,5/0,3|0,5/0,3|/0,5(0,3(0,5
HRT (d) 8|1 8|7|7|6|6|5|5|4|4|3]|3

Table 2. Scenarios

20



4. Results

The model was successfully implemented in the RE interface from COMSOL, taking as a
reference the original document in which the BIO_ALGAE 2 was implemented in the TDS
interface by its authors (Solimeno et al., 2019, 2017). The final simulation of the calibration
process took 22 s of computation to obtain the same results. However, the TDS interface,
performed at the same computer and with the same values and parameters, took 3 h 4 min 37
s. Moreover, the use of the RE was, in this case, more intuitive, as it is possible to work directly
with HRT and reactor volume values, while TDS involve transforming that parameters into others
mathematically equivalents. In this case, it is also conceptually easier to work in a 0D geometry
than with a 1D one.

4.1 Calibration

During calibration process, the parameters of the model were adjusted to visually obtain the
simulations that better match with the experimental measurements of the priority species (TSS,
NH;-N, NO3-N and O,). The comparison between the simulated results for NHf-N, NO3-N, O,
and TSS after calibrating the model and the experimental measurements are shown in Figures
11 to 14, respectively. After this first step, the S parameter for each specie was determined
(Table 4).

Table 3 shows the values of the parameters that had been modified with respect to those
originally established by Solimeno et al., 2019 (for more details see Annex Il). As can be seen,
the chosen parameters are all involved with the biomass growth and the way the
microorganisms interact with the nitrogen and phosphorus species. Moreover, the modification
of the optimum temperature value for microalgae contributed to the calibration too. This fact
may be related with the species of microalgae growing in the HRAPs, which may be adapted to
higher temperatures, as those in Brazil.

Parameter Original value Calibrated value Unit
Maximum growth rate 145 118 e
of Xaie
Endogenous respiration 0,05 0,1 e
constant
Saturation constant of 0,02 0,001 gm3 P
Xavs for Swpoa
Saturation constant of 3
X, for Suos 0,5 1 gm=>N
Saturation constant of 3
X, for Suos 0,2 0,62 gm=>N
Maximum growth rate 0,63 0,725 4
of Xaos
Maximum growth rate 11 18 4
of Xnos
Ammonia inhibition 5 40 gm3N
constant of Xnog
Optimum temperature 26 30 i
value for Xais

Table 3. Parameters modified during the calibration process.
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With regards to NHF-N (Figure 11), a good correspondence was achieved between the
simulation and experimental results, with an S of 0.16%, so it can be stated that the model can
successfully simulate the evolution of this species over time.

As can be seen in Table 4, NO3-N and TSS resulted in an extremely high S value. At Figures 12
and 13, it is observed that, although the simulations achieved a proper range, their values did
not match properly with the dynamic variations of experimental data. For this reason, the model
should not be taken as a tool to predict the concentration of TSS and NO3-N in a specific moment
but seems to be realistic to roughly estimate the biomass production during a long period.
cLastly, the simulation for O; (Figure 14) did not reach an extremely accurate match with the
experimental values. Concretely, there is a peak around t=5000h, which is directly related with
the peak in the same period in the TSS simulation, and that were not observed during the
experimental measurements. Similarly to TSS and NO3-N, the model may not properly predict
the concentration of O; at a particular time, but it could be used to estimate the average value
for long periods.

Specie TSS NHZ-N NO3-N 0
S (%) 137,01 0,16 110,39 30,62

Table 4. S parameter values for the calibrations of the chosen species.
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Figure 11. Comparison of the simulated results for NHZ -N after calibrating the model (blue) and experimental measurements
(green).
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Figure 12. Comparison of the simulated results for NO3-N after calibrating the model (blue) and

experimental measurements (green).
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Figure 14. Comparison of the simulated results for O, after calibrating the model (blue) and
experimental measurements (green).

4.2 Results of the simulations
Once the calibration was considered adequate, the 12 scenarios were simulated variating the

HRT and the depth as shown in Table 5. In Annex I, the detailed results for the main species are
shown.

4.2.1 Biomass production

The biomass concentration in the pond, expressed as concentration of TSS, is summarized in
Table 5 for the 12 scenarios simulated. As can be seen, only the scenarios 1 and 2 (which both
correspond to HRT of 8 d) generated a high amount of biomass, with a similar concentration to
that obtained by Vassalle et al., 2020a in the same location. The biomass production of the 12
scenarios, expressed as grams of TSS per day and per square meter of pond, is also summarized
in Table 5.

While the normal values in this kind of systems ranges between 13 and 35 gTSS-m™-d* (Park and
Craggs, 2011), the results of the simulations ranged between 2,8 and 13,9 gTSS:m2d. The
authors of the previous study suggested that the reason of the lower yield may be related with
the little availability of CO; in the domestic sewage (Vassalle et al., 2020a).

In Scenarios 3 through 12 (HRT from 7 to 3), the concentration of biomass in the HRAP decreased
since the beginning of the simulation to low levels and stabilised rapidly at values between 50
and 90 mgTSS-L?, as can be observed in Figure 15. Concretely, the microalgae biomass
disappears (see Annex [). Generally, with the climatic conditions (temperature and solar
irradiation) in Minas Gerais, even low HRT would be guessed to efficiently produce biomass.
Therefore, the reason why the model generated these results may be more related with the
influent characteristics. The results of the model simulations suggest that low HRT are not
suitable for significant microalgal biomass production. However, experiments at low HRT could
confirm this model predictions.
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Figure 15. Variation of TSS concentration when varying the HRT. Scenario 1: dark blue; Scenario 3: green; Scenario
5: red; Scenario 7: pale blue; Scenario 9: pink; Scenario 11: yellow.

For HRT of 8 or 7 d, the depth had little influence over the annual average of TSS concentration,
with slightly higher values when operating at 0,5 m. Thus, the maximum biomass production
was achieved at HRT of 8 d and 0,5 m of depth (Figure 16). For the other cases, the depth had
no influence. As lesser depth involves a greater penetration of the solar irradiance, the results
suggest that in Minas Gerais it is so elevated that its attenuation when operating at greater
depth enhances the microalgae growth.
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Figure 16. Variation of TSS concentration in function of depth for an HRT of 7 d (0,3 and 0,5 m
in red and pale blue respectively) and 8 d (0,3 and 0,5 m in dark blue and green respectively).
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Although the TSS concentration increased when using HRT lower than 5 d (Figure 17), it may be
related not with the biomass production, but with the lack of consumption of the particulate
organic matter that enters in the HRAP.

Considering that the regulation for sewage treatment from Minas Gerais determines that the
maximum concentration of TSS allowed in the effluent is 150 mg-L?%, in the scenarios where there
is an acceptable biomass generation, the settler placed after the HRAP would have to efficiently
remove, at least, 55-60% of the TSS to accomplish with the regulation. An optimum performance
of the settler would also enhance the biomass recovery for further valorisation.

250
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o

Figure 17. Average concentration of TSS obtained at each scenario.

4.2.2 Nitrogen and phosphorus

The current Brazilian regulation establishes that the limit of ammonium nitrogen (NHZ -N) is 20
mg-L'? N. When only considering ammonium nitrogen obtained in the simulation, the annual
average exceeded the maximum value when operating with an HRT lower than 7 d, for both
depths (Figure 18). However, this limit may be surpassed punctually at higher HRT. The lowest
levels corresponded to those obtained when employing an HRT of 8 d, which may be attributed
to the higher biomass production and, thus, to its activity treating the wastewater. In Europe,
the regulation specifies that the annual average concentration of total nitrogen (TN) cannot be
higher than 15 mg-L* N (in populations from 10.000 to 100.000 equivalent inhabitants).
Considering TN as the sum the different species of inorganic nitrogen (not taking into account
the organic nitrogen, whose concentration would depend on the efficiency of the settler) no
scenario would comply with the requirement. This simulated removal efficiency is higher than
the reported by Vassalle et al., 2020b (Tables 1 and 5).
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Figure 18. Average concentration and standard deviation of ammonium nitrogen (blue) and TN (orange) at each
scenario.

With regards to phosphorus, neither Brazil nor Minas Gerais have any specification in their
regulation. Regarding the European regulation, it establishes that the maximum annual average
concentration of total phosphorus (TP) is 2 mg-L P (in populations from 10.000 to 100.000
population equivalent). It can be seen in Figure 19 that, at least when omitting the organic
phosphorus (as in the case of total nitrogen), the requirement was fulfilled only at scenarios 1
and 2. The lower values for phosphorus in these scenarios can also be attributed to the higher
microalgal growth.

It can be observed that, at lower HRT, the annual average levels of phosphorus and nitrogen
increase. That phenomenon can be associated with the lack of microalgae in the HRAP.
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Figure 19. Average concentration and standard deviation of TP obtained at each scenario.

As for TSS, for HRT of 8 and 7 d, a little difference can be seen between operating with a depth
of 0,3 or 0,5 m. In both cases, the simulation showed that at 0,5 m the levels of phosphorus and
nitrogen were slightly lower. Once again, it can be correlated with the fact that the biomass is
subtly higher at that depth, especially for HRT of 8 d. However, it does not seem to be an
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extremely relevant factor in that case. In the rest of scenarios, the variation of the depth did not
suppose any difference in the average concentrations.

Annual average Annual average TSS
Scenario|Depth (m)|HRT (d)[ Computation time (s) concentration (mg-L") removal (%) production
(gm™d?)
NH,“N| TN [ TP | TSS [NH,-N|] TN | TP
1 0,3 8 36 15,8 20,3 1,6 | 169,2 60,6 50,1 | 50,2 6,4
2 0,5 8 24 156 | 20,2 | 16 | 1733 | 609 | 50,5 | 51,1 10,9
3 0,3 7 18 195 | 25,5 | 2,7 64,3 51,2 | 37,6 | 17,8 2,8
4 0,5 7 9 19,4 254 | 2,7 64,5 51,3 376 | 17,8 4,6
5 0,3 6 10 20,8 | 26,2 | 2,8 63,9 47,9 | 35,8 | 15,8 3,2
6 0,5 6 10 20,8 | 26,2 | 2,8 63,9 479 | 358 | 15,8 53
7 0,3 5 9 22,4 27,1 | 2,8 67,5 43,9 33,5 | 14,0 4,1
8 0,5 5 9 224 | 271 | 2,8 67,5 43,9 | 33,5 | 14,0 6,8
9 0,3 4 10 244 | 284 | 29 74,2 389 | 303 | 12,1 5,6
10 0,5 4 11 24,4 28,4 | 2,9 74,2 38,9 30,3 12,1 9,3
11 0,3 3 11 26,9 30,2 | 3,0 83,1 32,6 259 | 10,5 8,3
12 0,5 3 11 269 | 30,2 | 3,0 83,1 32,6 | 259 | 10,5 13,9

Table 5. Results for the simulation of the 12 scenarios.

5. Conclusions

In this study, the BIO_ALGAE 2 model was employed to predict the performance of a
demonstrative-scale HRAP which is currently under construction in Belo Horizonte, Brazil, and
that will be operated by the UFMG. Twelve scenarios were defined to evaluate the influence of
the HRT and the depth in the results of the wastewater treatment and the microalgal biomass
production.

The use of RE interface with a 0D geometry instead of the TDS interface with a 1D geometry in
the software COMSOL provided an approximately 500 times faster simulation, which was also
easier to operate, giving rise to the same results.

The simulations for the 12 defined scenarios combining different HRT and depths in the
demonstrative HRAP, showed that the only HRT that promoted a proper biomass growth was 8
d, being slightly higher with a depth of 0,5 m. Moreover, these scenarios had the best
performances removing nitrogen and phosphorus, evidencing the clear relation between the
biomass production and the pollutants elimination, and achieving values in accordance with the
current regulation for sewage treatment and discharge in Brazil and, specifically, in Minas
Gerais. However, to ensure that these regulations are accomplished, efficient settling or biomass
harvesting following the HRAP must be ensured to minimize the organic fraction of nitrogen and
phosphorus (that have not been considered in this study), as well as the TSS, in the final effluent.
That would also enhance the biomass recovery for its valorisation.

As far as calibration is concerned, for some of the main species, an adequate fitting was not
achieved. Indeed, the model can basically be implemented to estimate the global performance
of the HRAP for long periods, but it cannot properly predict the dynamic variations or state of
the system at punctual moments. It would be appropriate to carry out a future study to check if
a better calibration could be achieved. Moreover, it is highly recommended to complement this
study with experimental campaigns, especially at low HRT, in order to confirm the predictions
of the model. Once the HRAP is operating, the effects of varying the HRT and depth could be
experimentally evaluated. In this way, the accuracy of the model and its calibration for that case
could be tested and validated.
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Annex |. Graphs of the simulations for each scenario

Total suspended solids (TSS)
The following graphs show the evolution of the concentration of TSS (blue) and its microalgal
biomass portion (green).
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Nitrogen

The following graphs show the evolution of the concentration of total nitrogen (blue) and
ammonium nitrogen (green). Note that for total nitrogen, organic nitrogen was omitted.
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Phosphorus
The following graphs show the evolution of the concentration of total phosphorus (which

corresponds to phosphate phosphorus). Note that organic phosphorus was not considered.
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Annex Il. Model components

In the following section, the process rate formulas, the stoichiometric coefficients and their relation are described. This material
was extracted from Solimeno et al., 2019 and complemented with the values of the parameters used in this study.

*Values modified during calibration with respect to those originally established by Solimeno et al., 2019 (in parentheses).

Mathematical description of the processes of the model (processes rates)

Processes Process rate [M L3 T7]
Microalgae (Xaic) processes
tag *lav” Scoz + Sucos Snus + Snne Spoa
A (T, S H . . -X
1a. Growth of Xaic on SnHa P1a = 1T " @(Taue) “Mes(So2) - @ (PHAL) Scos?  Knavc + Snus + Snus Kparg + Spoa €
KeaLg + Scoz + Shcos + [ ’ ’
HaLG * lav Scoz * Shcos Snos Kn,aLG Spos4
TALG v (T, S H . . - . -X
1b. Growth of Xaig on Snos P1b = L+ L, (P( 'aLG) *Mps(So2) * @(pHaLG) * Kene + Seos + Sncos + Scozz KnaLc + Snos Knarc + Snis + Snia Kpare + Spos ALG
" lcozaLe
- So2
2. Endogenous respiration of Xais P2 = Kresparg - @(Tare) - @(PHaLG) - ————<— " Xawg
Koz,aLe + Soz
3. Decay of Xais P3 = Kgeatnarc - @(Tare) - @(PHaLG) - XaLa
Heterotrophic bacteria (Xu) (aerobic and denitrifying activity)
So2 Snua + Snusz Spos
; =y - f T) - H .
4a. Aerobic growth of X4 on Snha Paa = Hy - frmp(T) - @(pHy) - K, +S "Kosn + 503 K + Suna + Sums Ko+ Spor 1
SS SOZ SNO3 SP04
i =y - f T) - Hy) - . . . .
4b. Aerobic growth of Xu on Snos Pab = My - fr,mp(T) - @(pHy) Ksn £ 5. Koo+ S0z Knm +Snos Kot +Seos B




5. Anoxic growth of Xu on Snoz
(denitrification on Sno2)

Koz,n Snoz Spoa

s
Ps = M - N~ frmp(T) - @(PH) - : : : :
S TH T TTME " Ksp+Ss Kozn+So0z Knozanox + Snoz Ke + Spos

6. Anoxic growth of Xu on Snos
(denitrification on Snos)

Kozn Snos Spoa

s
=y My - frms(T) - ©(pHy) - . ) )
Pe = et M~ Fraue(T) - @ (pHe) Ks+Ss Kozu +So2 Knozmanox + Snos K + Spos

. . Soz
7. Aerobic endogenous respiration of Xu | P7 = krespu * frms(T) - @(PHu) - f—— X
02H 02
. — Koz Snos + Snoz
8. Anoxic endogenous respiration of X Pg = Krespu * M * frme(T) - @(pHy) - Ko + S0z Knommmos T Snos T Snan B
. ,H,anox
9. Decay of Xu P9 = Kaeath, * frme(T) - @(PHy) - Xy
Autotrophic bacteria (nitrifying activity)
So2 Snuz + Snne Scoz * Shcos Spo4
= L o(Ty) - Hy) - . . . X
10. Growth of Xaos P10 = Haos * @(T) - @(PHx) Koz,08 + S0z Knis.a08 + Snua + Sz Kcaos + Scoz + Stcos  Kpaop + Seos 00
SOZ KI,NH4 SNOZ SCOZ + SHCO3 SPO4

11. Growth of Xnos

P11 = inos * @(Tn) - @(PHN) - : : : : Xno
1 FNos N (pHy) KoznoB + S0z Kinua + Snua + Snuz Knoznos + Snoz Kenos + Scoz + Sucos Kpnos + Spoa

. . SOZ
12. Endogenous respiration of Xaos P10 = Kresp,a08 - @(Tn) - @(pHY) - *Xao0B
Koz,a08 + Soz
_— Soz
13. Endogenous respiration of Xnos P13 = Kresp,no - @(Tn) - @(PHy) - XNoB

Koz,noB + So2

14a. Decay of Xaos

P1sa = Kdeath,a0B * @(Tn) - @ (PHN) - Xa0B
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14b. Decay of Xnos

P14b = KaearnNos * fr,me(T) - @(PHN) - XnoB

Hydrolysis, Chemical equilibrium and Transfer of gases

15. Hydrolysis

S 70, S
P1s = Kvp Kuyp + Ks/Xp)

16. Chemical equilibrium CO, < HCO3

P16 = Keq,1 * (Scoz — SuSnco3/Keq,1)

17. Chemical equilibrium HCO3 < C03%~

P17 = Keq,2 * (Sucos — SuScos/Keq,2)

18. Chemical equilibrium NHf < NH;3

P1s = Keq,3 * (Snua — SuSNH3/Keq,3)

19. Chemical equilibrium H* & OH™

P19 = kecl,w (11— SHSOH/Keq,W)

20. Soz transfer to the atmosphere

P20 = Kiaoz - (8847 — So2)

21. Scoz transfer to the atmosphere

P21 = Kiaicoz - (SE63 — Scoz)

22. Snws transfer to the atmosphere

P22 = Kiainnz * (—Snus)
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Matrix of stoichiometric parameters that relates processes and components through stoichiometric
coefficients

w
F1E 8|81 |5 |8 |f ¢ |2 ¢ |9 | |F|w|= |0 |F|F
= W (=} (=1 (=) 8 w + = T 1] o =]

P1a Vila VE1a Vag,1a Vo,1a Vio1a Vig1a

Pib Vaib Vsib Va.ib Va.ib Vioib Via1b

Pz Viz V52 Vg2 Vo2 Vio,z Vigz

Ps Viz V53 Vg3 Vo3 Vio,3 Via3 Vis3 Vi3

Psa Vida V5.4a Vada Vo,2a Vi4a Vi24a Vi74a

P1b Vzab VEab Vaab Va.ab Vio.4b Viz,4b Vi7.4b

Ps Vas Vss Ves V105 Vi Virs

Ps Vie Vs Vae Vioe Vize

P7 V17 V57 Va7 Vo7 Vio7

Ps Vig Vis Vag Vs Vas Vios

Pa Vis9 V16,9

P1o Vi10 V4,10 Vs,10 Va,10 Va,10 Vio.10 Vig,10

P11 Va1 V411 Vs11 Vg.11 Va,11 Vio.11 Vis11

12 V112 V512 Vg12 Vg,12 V10,12 Visaz Vig 12

P13 V113 V513 Va.13 Vg,13 V1013 Vig.13 Vis13
P1a Visida | Vislta Vig14a
P1ab Vis14b | Viealsb V19,14b
Pis V115 V.15 Va.15 Vio.1s V12,15 V1315 Vis1s

P1is V516 V.16 Vioise

P17 V617 V7,17 Vioa7

Pig Vi18 V2,18 Vio1s

P19 V1019 V1119

Pzo Va,20

P21 V521




Values of biokinetic, chemical and physic parameters

Parameters | Description Value Unit
Microalgae (Xacc)
1,18+

HALG Maximum growth rate of Xaig (1,45) d’!
Kresp LG Endogenous respiration constant 0,1* (0,05) d’
Kdeath ALG Decay constant 0,05 d’
Keave Saturation constant of Xa g on Scoz 4E-3 gCm?
lcozaLc Inhibition constant of Xaig on Scoz 120 gCm?
KnaLe Saturation constant of Xaig on nitrogen 0,1 gNm3
KozaLg Saturation constant of Xa g on So» 0,2 go,m?
Kp AL ) 0.001*

’ Saturation constant of Xaig for Supos (0,02) gP m?
Heterotrophic bacteria (Xu)
Hu Maximum growth rate of Xy 0,3* (1,3) d’
MH Anoxic reduction factor for Xy 0,8* (0,6) -
Kresp Endogenous respiration rate of Xy 0,3 d’
Kozn Saturation constant of Xy for Sp, 0,2 g0, m?
Kin Saturation constant of Xy for Sy 0,2 gN m
Ksn Saturation constant of Xy for Sg 20 gCOD m*3
KNo3Hanox Saturation constant of Xy for Syos 1*(0,5) gNm3
KNo2Hanox Saturation constant of Xy for Syoz 0,62*(02) | gNm3
Kdeatn p Decay constant of X4 03 d’

Autotrophic bacteria: ammonia oxidizing bacteria (Xaog) and nitrite
oxidizing bacteria (Xnog)

0,725*

Haos Maximum growth rate of Xaos (0,63) d’
HNoB Maximum growth rate of Xnos 1,8* (1,1) d’
Ko2,108/KozNoB | saturation constant of Xaos / Xnos for Soz | 0,5 90, m?
KnHsa08 Saturation constant of Xaos On Snna 0,5 gN m3
KiNH4 Ammonia inhibition constant of Xyog 40* (5) gN m3
Knoznos Saturation constant of Xnog for Snoz 0,5 gN m3
K K Saturation constant of Xaos / Xnos for

c.a08/KenoB Sucos 0,5 gCm3
Kresp,a0B/ Endogenous respiration rate of Xaos
kresp,NOB /XNOB 0705 d>1
kdealth,AOB/
Kdeath NOB Decay constant of Xaos and Xnos 0,2 d’
Hydrolysis
Kuyp ‘ Hydrolysis rate constant ‘ 30 ‘ d’
Photorespiration factor of microalgae
Ker ‘ Inhibition constant of photorespiration ‘ 0,03 ‘ -




T Excess of So; coefficient 3,5 —
SSAT . . -3
02 So» air saturation 9,07 g0, m
Light factor of microalgae
a Activation rate 1,9E-3 (UE m?)"
B Inhibition rate 5,7E-7 (WE m?)"
Y Production rate 0,14 s
5 Recovery rate 4,7E-4 s
Ki Biomass extinction coefficient 0,07 m? g’
pH cardinal factor
PHaLG max Maximum pH value for Xais 12,3 —
PHaLGmin Minimum pH value for Xaig 4 —
PHarGopt Optimum pH value for Xac 8,8 —
PHp max Maximum pH value for Xy 11,2 —
PHu min Minimum pH value for Xy 2 —
PHy opt Optimum pH value for Xy 8.2 -
PHN max Maximum pH value for Xaos and Xnos 11 —
PHN min Minimum pH value for Xaos and Xnos 2 —
PHN opt Optimum pH value for Xaos and Xnos 8,5 —
Temperature cardinal factor
TaLg max Maximum temperature value for Xac 46 —
TaLG min Minimum temperature value for Xaig 7 —
TaLG,opt Optimum temperature value for Xais 30* (26) —
Maximum temperature value for Xaos
TN,max
and XNOB 40 —
Minimum temperature value for Xaos
TN,min
and Xnos 13 -
T Optimum temperature value for Xaog
N,opt
and Xnos 31 —
Heterotrophic bacteria thermal factor
T opt Optimum temperature value for Xy 20 °C
0 Temperature coefficient for XH 1,07
Parameters Equations

Chemical equilibrium CO, < HCO3.

Keq1 = 10

3404,71
17,84—3—m—0,032736(273,15+T)

2902,39
Chemical equilibrium HCO3 < €03~ Keqz = 1024942731541 002379(273,15+T)

i ilibri + 2,891—alll
Chemical equilibrium NH} < NHj Keqs = 10 @73,15+T)

4470,99

Chemical equilibrium H* & OH™ Keqw = 107 Z73,15+T 12.0875-0,01706(273,15+T)
Kinetics parameters
Keq.1 Dissociation constant of CO, < HCO3 ‘ 10000 ‘ d’
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keq2 Dissociation constant of HCO3 © €03~ 1000 d’

keq3 Dissociation constant of NHf & NHj 1000 d’

Kequ Dissociation constant of H* & OH™ 1000 gm'd’

Transfer of gases to the atmosphere

Kiai,02 Mass transfer coefficient for So, 16 d’
Kiai,coz Mass transfer coefficient for Sco, 5 d’
Kia,nn3 Mass transfer coefficient for Syus 5 d’

Values of fractions of carbon, hydrogen, oxygen and nitrogen in
microalgae and bacteria biomass

Parameters | Description Value | Unit

Fractions of microalgal biomass (Xa.c)

icaLg Fraction of carbon in microalgae 0,387 gC gCcoD"!
IhaLG Fraction of hydrogen in microalgae 0,075 gH gcoD”’
loaLG Fraction of oxygen in microalgae 0,269 g0, gCoD™’
INaLG Fraction of nitrogen in microalgae 0,065 gN gCoD"!
lpaLG Fraction of phosphorus in microalgae 0,01 gP gCoOD™’

Fractions of bacteria biomass (Xu, Xaos, Xnos)

icam Fraction of carbon in bacteria 0,323 gC gCcoD"!
11BM Fraction of hydrogen in bacteria 0,060 gH gcoD”’
lom Fraction of oxygen in bacteria 0,077 g0, gCoD™’
inBM Fraction of nitrogen in bacteria 0,075 gN gCoD"!
IpBm Fraction of phosphorus in bacteria 0,018 gP gCoOD™’

Fractions of slowly biodegradable substrates (Xs)

Icxs Fraction of carbon in Xs 0318 gC gcoD™

Tuxs Fraction of hydrogen in Xs 0,045 gH gCoD"’

ioxs Fraction of oxygen in Xs 0,077 g0, gCoD™’
Inxs Fraction of nitrogen in Xs 0,034 gN gCoD"’

Ipxs Fraction of phosphorus in Xs 0,005 gP gCOD"’

Fractions of inert particulate organics (X))

icxi Fraction of carbon in X 0,327 gC gcop'!

T xi Fraction of hydrogen in X 0,037 gH gcoD™!

loxi Fraction of oxygen in X; 0,075 g0, gCoD"’
Inxi Fraction of nitrogen in X; 0,016 gN gCOoD"’

Ipxi Fraction of phosphorus in X; 0,005 gP gCOD"

Fractions of readily biodegradable substrates (Ss)




icss Fraction of carbon in Ss 0,318 gC gCoD!

luss Fraction of hydrogen in Sg 0,045 gH gcoD'

ioss Fraction of oxygen in Ss 0,078 g0, gCoD"’
inss Fraction of nitrogen in Ss 0,034 gN gCoD”!

Ipss Fraction of phosphorus in Ss 0,005 gP gCoOD™’

Fractions of soluble inert organics (S))

icsi Fraction of carbon in S 0,327 gC gCoD™!

st Fraction of hydrogen in S; 0,037 gH gcoD”’

losi Fraction of oxygen in S 0,075 g0, gCoD"!
Inst Fraction of nitrogen in S 0,016 gN gCoD”!

Ipsi Fraction of phosphorus in S; 0,005 gP gCoOD™’

Fractions of inert produced by biomass degradation

faLe Production of Xi in endogenous resp. of XaLe 0,1 gCOD gCcoD!
fxi Production of Xiin endogenous resp. of Xu 0,1 gCOD gCoD™!
Yield of biomass

Vare Yield of Xais 0,62 gCOD gCoD"
Yu Yield of X on Soz 06 gCOD gCoD"
Yinos Yield of X,; on Sxos 0,5 gCOD gcoD'!
Yunoz Yield of X, on Sxoa 03 gCOD gcoD'!
Yaos Yield of Xaos 0,13 gCoD gcop"
Ynos Yield of Xnos 0,03 gCoD gcoD"
Kuyp Hydrolysis saturation constant 1 gCoD gCcoD”’

Mathematical expressions of the stoichiometric coefficients of each

process
Stoichiometric coefficients Unit
Growth of Xaic on Snha
Vi1a = ~inaLG gN gcoD”’
Vs1a = ~lcaLc gC gcoD”
Vg1a = ~lpaLc gP gCcoD’
Vo1a = (Bicare/3 + Binarc — loaLc — 12inarc/7 + 40iparc/31)/2 g0 gCOD’
Vip1a = inare/14 — 2iparc/31 gH gcoD
Vigia = 1 gCOoD gCOD"!
Growth of Xaic on Snos
Vz1b = ~iNaLG gN gcoD”’
Vs1b = ~icaLc gC gcoD™
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Vg1b = —ipALG gP gcoD’!
Vo1 = (8icare/3 + 8BinaLc — loarc + 20inaLc/7 + 40iparc/31)/2 g02 gCoOD”’!
Vioab = ~inaLe/14 — 2iparc/31 gH gcoD’'
Vigap = 1 gCoD gcoD'
Endogenous respiration of Xac
Va2 = inaLe — faLe Inxi gN gcoD”’
Vs2 = icate — fare lcxt gC gCoD"
Vg2 = ipaLe — farc ipxi gP gcop'!
Vo2 = ((iO,ALG — faLc iO,XI) - B(iH,ALG — farg iH,XI) —-8/3 (iC,ALG — faLg iC,XI)

+12/7 (inarc — fava inxi) — 40/31 (iparc — faLc ipxi))/2 902 gCOD’!
Vi = —1/14 (inarc — fare inxi) +2/31 (iparc — farc ipxi) gH gCcoD™
Vigp = —1 gCOoD gCoD™
Vie2 = faLg gCoD gCoD!
Decay of Xaic
Vi3 = inare = (1 — fare)Yare inxs—farcYare inave gN gcoD”
sz = icate = (1= farg)Yarg icxs—farcYare icaLe gC gcop’
Vg3 = ipaLc — (1 = farg)Yarc ipxs—farcYare iparc gP gcoD™
Vo3 =~ ((io,ALG —fae iO,XI) - 8(iH,ALG — fae iH,XI) —-8/3 (iC,ALG —fae iC,XI)

+12/7 (inave = fave inxi) = 40/31 (ipac — favc ipxi))/2 902 gCOD’!
Vios = = 1/14 (inae (1 — fare) Yare inxs—farcYarc inxr)

+2/31 (ipare (1 = fare)Yarc ipxs—farcYarc ipxi) gH gCoD™!

Vigz = —1 gCOoD gCOD™
visz = (1 — fare)Vare gCOoD gCoD™
Vie3 = faLcYaLe gCOoD gCOD™
Aerobic growth of Xy on Syua
Vi4a = Inss/Yu — inpm gN gcoD”’
Vs4a = icss/Yu —icem gC gCoD”
Vg4a = Ipss/Yu — ippm gP gcoD’
Voaa = —((1 = Yu)/ Yu)/2 g0, gCoOD"'
Viosa = — 1/14 (inss/Yu — ingm) +2/31 (ipss/Yu — ipsm) gH gCoD
Viz4a = —1/Yy gCoD gCcoD'
Viz4a = 1 gCoD gcoD'
Aerobic growth of Xy on Snos
Vzap = inss/Yu — Ingm gN gcoD”’
Vsab = lgss/Yu — icam gC gCoD”
Vgab = (iP,SS/YH - iP,BM) gP gCcoD’
Voap = —((1 = Yu)/ Yu)/2 g0 gCoOD’!
Vioab = = 1/14 (inss/Yu — inpm) +2/31 (ipss/Yu — ip M) gH gcop”
Vigap = = 1/Yy gCOD gCOD™
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Vizap = 1 gCoD gCOD'
Anoxic growth of Xy on Sno2
Vas = —(1 = Yuno2)/(1,71Yu no2) gN gcoD”’
vss = (icss/Yunoz — icem) gC gcoD”
Vgs = (ipss/Yunoz — ipsm) gP gcoD’!
Vios = 1/24 (iO,SS/YH,NOZ - io,BM) -1/3 (iH,SS/YH,NOZ - iH,BM)

-1/9 (iC,SS/YH,NOZ - ic,BM) +1/93 (iP,SS/YH,NOZ - iP,BM) gH gcoD”
Vizs = —1/Yunoz gCoD gCoD'
Vizs =1 gCoD gCoD'
Anoxic growth of Xy on Snos
V36 = —(1 = Yun03)/(1.14 Yy No3) gN gcoD”’
Vae = (1 = Yuno3)/(1,14Yuno3) gN gcop”’
Vs = (icss/Yu,no3 — icem) gC gCoD”
Va6 = (ipss/Yinos — ippm) gP gcoD’
Vioe = 1/14 (inss/Yinos — ingm) +2/31 (ipss/Yinos = ipsm) gH gCcoD™
Vize = — 1/Yunos gCoD gCcoD™
Vize =1 gCOoD gCoD™
Aerobic endogenous respiration of Xy
V17 = ingm — fxiinx gN gcoD”’
Vs7 = lcam — fxa loxi gC gCoD”
Vg7 = Ippm — fxa Ipxi gP gcoD’
Vo7 = —(1—fxy)/2 g02 gCOD’
iy = —1/14 (ingm — fxa inxi) +2/31 (ippm — it ipxr) gH gcoD’
Vie7 = fxi gCoD gCoD'
Vizy; = —1 gCoOD gCoD™
Anoxic endogenous respiration of Xy
vig = ingm — fxiinxi gN gCoD”’
vzg = (f — 1)/1,14 gN gCcoD”’
Vag = (1 —fx)/1,14 gN gCoD”’
Vsg = lcam — fxilcx gC gCoD”
Vgg = Ippm — fxilpxi gP gcop’
V10,8 = 1/40 (iO,BM - fXIiO,XI) - 1/5 (iH,BM - fXIiH,XI) - 1/15 (iC,BM - fXIiC,XI)

+1/35 (ingm — Friingi) — 1/31 (ipam — Fxilpxi) gH gcoD!
Vies = fxi gCoD gcoD'
Vizg = —1 gCOoD gCOD™
Decay of Xu
Vise = (1—fx)c gCOD gCoD'
V169 = fxiYu gCOD gCcoD™'
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Vize=—1 gCoD gCOD'
Growth of ammonia oxidizing bacteria (Xaos)

V110 = —1/Yaos — inpm gN gcoD”’
Va10 = 1/Yaos — inpm gN gCcoD”’
Vs10 = ~icpM gC gCoD”
Vg10 = —lppm gP gcop'!
Vo190 = (1= 3,43/Ys08)/2 g0 gCoD!
Vio10 = 2/14Yp05 — 1/14 (inpm) — 2/31 (ippm) gH gcoD’
Vigio = 1 gCoD gCoD
Growth of nitrite oxidizing bacteria (Xnos)

V311 = 1/Ynos — Ingm gN gCoD”’
Vg11 = —1/Ynos gN gCOD-1
V511 = —lcpm gC gcoD”
Vg10 = —lppm gP gcop'!
Vo1 = (1—1,14/Yyos)/2 g0z gCoD’
Vip1n = —1/14 (iN,BM) -2/31 (iP,BM) gH gCOD'1
Vigar =1 gCoD gcoD'
Endogenous respiration of Xaos

V12 = insm — fxrinx gN gcoD”’
V512 =icam — fxilcx gC gCoD”
Vg2 = ippm — fxiipxi gP gcoD’
Vo2 = —(1—fx)/2 g0z gCoD™’
Vio1z = = 1/14 (ingm — fxr inxi) +2/31 (ippm — fxr ipxr) gH gCoD™
Vie12 = fxi gCoD gcoD'™
Vg1, = —1 gCOoD gCOD™
Endogenous respiration of Xnos

Va3 = insm — fxrinx gN gcoD”’
Vsas =icam — fxilcx gC gcoD
Vg3 = ippm — fxilpxi gP gcoD!
Vo3 =—(1 —fx)/2 g0, gCoOD’'
Vio13 = — 1/14 (ingm — fxr inxi) +2/31 (ippm — fxr ipxr) gH gcoD”’
Vie13 = fxi gCoD gCcoD'
Vig13=-1 gCOD gCOD™
Decay of Xaos and Xnos

Vis1aa = (1 = fx )Yaos gCoD gCoD™
V16,14a = fxiYaoB gCoD gCOD™
Vigi4a = -1 gCoD gcoD'
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Vis1ab = (1= fx )Ynos gCoD gCoD''
Vie14b = fxiYnoB gCoD gCoD''
Vig,14p = —1 gCoD gCoD
Hydrolysis
vigs = —(1 = fsp)inss — fsrinst + inxs gN gcoD”’
Vs15 = icxs — (1 = fs)Yuypicss — fsiYuypicsi gC gcoD
Vg5 = ipxs — (1 = fs1)Yuypipss — fixsYuyplesi gP gcop’!
Vio1s = — 1/14 (iN,XS -@1- fSI)YHYDiN,SS - fSIYHYDiN,SI)

+2/31 (ipxs — (1 = fs)) Yuypipss — fsi Yuypipsi) gH gCoD!
Via15 = (1 = fs) Yuyp gCoD gCcoD™
vaz1s = (fs1) Yavp gCoD gCcoD™
Visas = —1 gCoD gCoD!
Chemical equilibria CO, < HCO3
Vs16 = —1 gCgC’
Vei6 = 1 gCgC’
Vigae = 1/12 gH gC”’
Chemical equilibria HCO3 < CO%~
Ve17 = —1 gCgC’
Vo7 =1 gCgC’
Vig17 = 1/12 gH gC”’
Chemical equilibria NHf < NHj3
Vigg = —1 gNgN™
Va1 = 1 gNgN™
Vigis = 1/14 gH gN™!
Chemical equilibria Ht & OH~
Vip1o = 1 gH gH”’
Vig1o =1 gH gH”’

Oxygen transfer to the atmosphere

Voo =1

Carbon dioxide transfer to the atmosphere

Vso1 =1

Ammonia transfer to the atmosphere

Va2 =1
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