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Sustainable Development Goals developed by the United Nations recognize that 
-in-hand with strategies that build economic 

growth and address a range of social needs including education, health, equality 
and job opportunities, while tackling climate change and working to preserve 

 (United Nations, 2019). This can be faced from different 
strategies, but a common factor to some of them deal with the use, reuse and 
treatment of the water in a sustainable way. Additionally, microalgae 
biotechnology is of increasing importance and a central application concerns the 
treatment of wastewater. Taken all of this together, microalgae-based processes 
for wastewater treatment become a research field of great interest. In this regard, 
the present Thesis faced this challenge from two points of view: aquaculture 
wastewater treatment and urban wastewater treatment plants.   

The main objective of the present Thesis has been gaining deep knowledge on 
new sustainable technologies for wastewater treatment, developing new solutions 
based on microalgae. In order to achieve this objective, this Thesis is structured 
in two parts: a experimental part corresponding to microalgae-based aquaculture 
water treatment, which is described in Chapter 2 and Chapter 3; and a second part 
related to the development of mathematical models for enhancing the 
implementation of microalgae-based processes in urban wastewater treatment 
plants, described in Chapter 4 and 5.  

The suitability of microalgae-based wastewater treatment systems in aquaculture 
is studied at laboratory scale, being the main objective of this study evaluate how 
the quality of the water taken from an aquaculture system affected the growth 
rate and nutrient removal efficiency of two well-known microalgae strains. 
Going further, a co-cultivation of these two species of microalgae was carried out 
also for aquaculture water treatment, to develop a more reliable and robust 
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treatment contrasted to monocultures. This approach was tested at laboratory-
scale and then compared to a co-culture at pilot-scale in an open thin-layer 
photobioreactor.  

In order to determine the state-of-the-art of microalgae mathematical modelling 
a review has been carried out to define the weaknesses and strengths of current 
models. Amongst all models already developed, only a few number are integrated 
models although the integration of microalgae-based processes in plant wide 
models is paramount for spreading its implementation at full-scale. As a result of 
that, the implementation of a microalgae model in the already existing Plant Wide 
Model library (PWM) has been proposed. After that, a validation of the model is 
necessary to assure its correct use in model-based assessment of microalgae 
processes in WWTP.  

The Thesis concludes with a chapter gathering the most significant conclusions, 
bibliography consulted for its development, and an appendix that includes a 
detailed description of the mathematical modelling methodology used. 
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Los Objetivos de Desarrollo Sostenible desarrollados por las Naciones Unidas 
recogen que "poner fin a la pobreza debe ir de la mano de estrategias que 
desarrollen el crecimiento económico y aborden necesidades sociales, 
incluyendo la educación, la salud, la igualdad y las oportunidades laborales, al 
tiempo que se aborda el cambio climático y se trabaja para preservar los 

 (United Nations, 2019). Estos objetivos pueden ser 
abordadodos empleando diferentes estrategias, siendo un factor común a parte de 
ellos el uso, la reutilización y el tratamiento del agua residual de manera 
sostenible. Asimismo, la biotecnología de microalgas es un campo de estudio 
cada vez más relevante, siendo una aplicación central del mismo el tratamiento 
de aguas residuales. Como resultado, los procesos basados en microalgas para el 
tratamiento de aguas residuales se han convertido en un campo de investigación 
de gran interés. En este sentido, la presente Tesis ha enfrentado este reto desde 
dos puntos de vista: el tratamiento de aguas residuales en la acuicultura y en las 
plantas de tratamiento de aguas residuales urbanas. 

El objetivo principal de la presente Tesis ha sido desarrollar un conocimiento 
sólido sobre nuevas tecnologías sostenibles para el tratamiento de aguas 
residuales, desarrollando nuevas soluciones basadas en el empleo de microalgas. 
Para lograr este objetivo, esta Tesis está estructurada en dos partes: una parte 
experimental correspondiente al tratamiento de aguas de acuicultura basado en 
microalgas, que se describe en el Capítulo 2 y el Capítulo 3; y una segunda parte 
relacionada con el desarrollo de modelos matemáticos para mejorar la 
implementación a escala industrial de procesos basados en microalgas en plantas 
de tratamiento de aguas residuales urbanas, descrito en los Capítulos 4 y 5. 

La idoneidad de los sistemas de tratamiento de aguas residuales basadas en 
microalgas en su empleo en acuicultura se ha estudiado a escala laboratorio, 
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siendo el objetivo principal evaluar cómo la calidad del agua tratada de un 
sistema de acuicultura afecta a la tasa de crecimiento y a la eficiencia de 
eliminación de nutrientes de dos especies ampliamente conocidas de microalgas. 
Posteriormente, se utilizó un co-cultivo de estas dos especies de microalgas, 
también para el tratamiento de agua procedente de la acuicultura, para poder 
desarrollar un sistema de tratamiento más robusto en comparación con los 
monocultivos. Esta solución se testeó a escala de laboratorio y luego se comparó 
con un co-cultivo a escala piloto llevado a cabo en un fotobiorreactor abierto. 

Para determinar el estado del arte del modelo matemático de las microalgas, se 
ha realizado una revisión bibliográfica para definir las debilidades y fortalezas de 
los modelos desarrollados actualmente. Entre ellos, solo un pequeño número son 
modelos integrados, a pesar de que la integración de los procesos basados en 
microalgas en los modelos de planta completa es primordial para aumentar su 
implementación a gran escala. Para enfrentar este reto, se implementó un modelo 
matemático describiendo las transformaciones de las microalgas en la biblioteca 
de modelos Plant Wide Model (PWM) ya existente. Por último, es necesario 
realizar una validación del modelo desarrollado para asegurar su correcto 
funcionamiento para su uso en la evaluación de la implementación de estos 
procesos a escala industrial en estaciones depuradoras de aguas residuales. 

La Tesis concluye con un capítulo que recoge las conclusiones más significativas, 
la bibliografía consultada para su desarrollo y un apéndice que incluye una 
descripción detallada de la metodología de modelado matemático utilizada 
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This chapter contains the principal abbreviations used in the Thesis. However, 
some of them are defined over the course of the Thesis, such as in the case of 
Chapter 4 and 5 or Appendix B.  

Notation and abbreviations used: 

ADM/ADM1 Anaerobic Digestion Model  

ANCOVA Analysis of covariance 

AnD Anaerobic digestion  

ANOVA Analysis of variance 
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1.1 MOTIVATION OF THE THESIS 

Emerging awareness of the impact of population growth and its derived 
consequences has led to an actual change in how development is perceived. In 
this regard, the United Nations (United Nations, 2019) developed the Sustainable 
Development Goals, to tackle with this challenge.   

As described by the United Nations, 
are the blueprint to achieve a better and more sustainable future for all. They 
address the global challenges we face, including those related to poverty, 
inequality, climate, environmental degradation, prosperity, and peace and 

(United Nations, 2019). These goals include, among others (Figure 1. 1): 
Goal 2: Zero Hunger; Goal 6: Clean Water and Sanitation; Goal 11: Sustainable 
Cities and Communities; and Goal 12: Responsible Consumption and 
Production. These goals could be faced from several points of view and different 
strategies, but most of them are linked by a common factor: water. Population 
growth is naturally linked to an increase in water consumption, not only from a 
social perspective, but also considering productivity activities and technologic 
development. This is directly linked to an increase in wastewater amount to be 
treated and managed, prior to discharge to the environment. Therefore, aligned 
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with Goals 6 and 11, new solutions should be developed to ensure availability 
and sustainable management of wastewater and sanitation for all, taking into 
account also the sustainability of the cities (United Nations, 2019). In addition, 
Goals 2 and 12 could be also accomplished with the development of a food 
industry relaying on a sustainable consumption based on the reduction of the 
degradation of environmental resources. All this linking with a sustainable 
management of wastewater. 

 
Figure 1. 1 Sustainable Development Goals (SDG) developed by the United 

Nations. 

Consequently, exploring new emerging technologies for wastewater treatment, 
with the aim of transforming the traditional conception of wastewater as a 
problem to as a source of energy and valuable resources, fits into the SDG 
proposed by the United Nations. It fosters a better management of wastewater, 
decreasing its impact in the environments and improving the global access to 
water.  

In order to address this change of paradigm, in which the wastewater treatment 
plants (WWTP) are no longer seen as consumers of resources and energy, and 
are considered water resource recovery facilities (WRRF) (Guest et al., 2009), 
new technologies and strategies need to be considered. In this context, energy-
efficient nutrient removal or recovery technologies are paramount (Fernández-
Arévalo, 2016), such as the use of purple phototrophic bacteria (Hülsen et al., 
2016), improved anaerobic digestion and fermentation for obtaining volatile fatty 



Motivation of the thesis  3 
 

 

acids (VFAs) (Aguirre-Garcia, 2019), struvite precipitation (Elduayen-Echave et 
al., 2019) or production of biogas or biofuels. Additionally, an emerging field of 
study is the use of microalgae as a way to treat wastewater (Acién et al., 2016; 
Garrido-Cardenas et al., 2018; Gonçalves et al., 2017; Puyol et al., 2017; 
Solimeno and García, 2017), also fitting into this new conception.  

In addition, the development of an environmentally friendly food industry could 
be faced from different perspectives, but one of the most important nowadays is 
related with the availability of fish worldwide. The ongoing and increasing 
worldwide demand for fish has caused a steady increase in aquaculture 
production during the last decades (World Bank, 2013), traditionally considered 
an industry with high environmental impact (Jegatheesan et al., 2011; Pillay, 
2004). This emphasized the importance of farming systems with a low ecological 
footprint, like recirculating aquaculture systems (RAS), which are an alternative 
to traditional systems. Furthermore, implementing microalgae treatments in 
RAS, sustainable water management and low discharge of concentrated 
wastewater could be achieved, allowing its reuse in the system. 

In this Thesis, it is proposed to address the challenge of developing new 
sustainable wastewater treatments in both, urban and food industry sector, and 
tackle with the SDGs with the same solution: microalgae-based processes 
implementation. 

1.1.1. Microalgae, general overview 

Microalgae are microscopic organisms that are found in marine or freshwater 
systems, in suspension or forming sediments. They are, mainly, photosynthetic 
microorganisms, eukaryotes and single-celled species that can grow individually 
or in groups. Depending on the specific species, size and shape may vary (from 
micrometre to hundreds of micrometres). Usually, when the term microalgae is 
used, it also includes cyanobacteria, known as blue-green microalgae, although a 
more strict taxonomy differentiates between prokaryotic cyanobacteria (bacteria 
with a plant-like metabolism) and eukaryotic microalgae (Raven and Giordano, 
2014). 

Microalgae perform photosynthesis, a paramount function for terrestrial 
ecosystems maintenance. They are able to fix CO2 and use solar energy for 
photoautotrophic growth. Likewise, they require macronutrients such as 
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nitrogen, phosphorus, magnesium and other elements for their development, and, 
to a lesser extent, other micronutrients. To sum up, microalgae correct growth 
depends on light, a source of carbon (usually CO2), macronutrients and 
micronutrients (Barsanti and Gualtieri, 2014).  

Although, microalgae growth generally corresponds to a phototrophic growth, 
some species are capable of growing using different energy sources, (Barsanti 
and Gualtieri, 2014): 

 Photoautotrophic growth: energy obtained from sunlight and carbon 
from inorganic compounds. 

 Photoheterotrophs: energy obtained from sunlight and carbon from 
organic compounds. 

 Mixotrophs: Capable of growing under both, autotrophic and 
heterotrophic, processes. Carbon is obtained from organic and inorganic 
compounds. 

 Heterotrophs: energy obtained from organic compounds and carbon. 
Growth in the absence of light.  

Microalgae biodiversity is very high. It was estimated that the number of species 
can vary from 350,000 to 1,000,000, but only a limited number of them 
(approximately 30,000) have been studied (Richmond, 2004). Most of these 
microalgae studied are phototrophs, although some may also be mixotrophs or 
heterotrophs (Richmond, 2004). It should be highlighted, that this high 
biodiversity mean it is an almost unexploited resource, since most of these 
species can produce products with high added value. It has been determined about 
15,000 compounds that can be obtained from microalgae (Cardozo et al., 2007), 
such as carotenoids, antioxidants, fatty acids, enzymes, peptic polymers, toxins 
and sterols.  

As a result of that, microalgae application field is very extensive, including 
pharmaceutical, nutraceutical or cosmetic industries: use of high added value 
compounds obtained from microalgae such as proteins and carotenoids, or use of 
the microalgae itself (Cardozo et al., 2007); agricultural sector: bioremediators 
and biofertilizers obtained from microalgae (Guldhe et al., 2017b); aquaculture 
sector: employment as food for species that are cultivated in aquaculture systems 
(Yarnold et al., 2019); animal nutrition sector (Spolaore et al., 2006); energy 
sector: obtaining biofuels such as biogas, biodiesel, bioethanol or biohydrogen 
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(Borowitzka and Moheimani, 2013); or environment: wastewater treatment, 
mitigation of greenhouse gases such as CO2 (Yadav and Sen, 2017). 

Nowadays, different microalgae cultivation systems are available. Final objective 
of the cultivation (obtaining high value-added products, wastewater treatment, 
etc ...) will determine the culture system employed. Cultivation systems are 
mainly classified into two types: closed and open, each one with its own 
advantages and disadvantages (Singh and Sharma, 2012). Open reactors consist 
of raceways ponds, normally with mechanical agitation. The most common used 
for wastewater treatment are known as high rate algae ponds (HRAP), consisting 
in an ovoid-form pond in which cultivation flows around it, being mechanically 
stirred. Light utilization is maximized by operating with thin water columns 
between 0.3-0.5 m (Grima et al., 2010). These types of open reactor are the most 
simple and cheaper to construct, allowing low costs of production and operation. 
In contrast, they are vulnerable to contamination and it is no possible to perform 
a control over temperature or light. Finally, low biomass productivity is achieved 
and large areas are needed for its installation (Singh and Sharma, 2012). To 
overcome these limitations, closed reactors in which cultivation is confined in 
transparent containers, were developed. Thus, closed systems allow the control 
of different parameters such as pH, temperature or oxygen and minimizes 
biomass contamination, increasing biomass productivities. Nevertheless, higher 
operation and maintenance costs are associated to them (Singh and Sharma, 
2012). Closed systems, have been developed in a wide variety of typologies: 
vertical or horizontal tubular photobioreactors, plat panel photobioreactors 
(Gouveia et al., 2016; Lee, 2001), membrane reactors (Luo et al., 2017), stirred 
tanks (Lee, 2001) or photo-sequencing batch reactors (Wang et al., 2015). In 
addition, hybrid systems like open reactors modified in order to allow pH control, 
in example (Doucha and Lívanský, 2013) or biofilm systems (Boelee et al., 2011; 
Zhang et al., 2018), were also developed to improve microalgae cultivation 
productivity.  

Nevertheless, all these type of cultivation considers the next parameters to 
achieve a successful microalgae growth, adapted from (de Godos et al., 2017): 

 Light: Two parameters are of importance, irradiance (light flow per unit 
area) and photoperiod (hours exposed to light: hours in darkness). It is 
important to note that microalgae use only light in the range of 300 to 
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700 nm (photosynthetically active radiation, PAR). Microalgae may 
suffer photoinhibition, inhibition of photosynthesis caused by excess 
radiation. 

 Temperature: Most species grow between 10 to 35 ° C, with an optimum 
temperature of 16-24 ° C. For each species there will be a minimum and 
maximum temperature, below which, and above which their growth does 
not occur. 

 Homogeneity: correct mixture of the cultivation (mechanical or by 
aeration). It allows the correct distribution of nutrients and prevents 
sedimentation. Excessive agitation can cause hydrodynamic stress 
leading to a decrease in the growth rate of microalgae. 

 pH: optimum pH range usually around the neutral pH. 
 CO2 and O2 concentration: microalgae can grow even at atmospheric 

CO2 concentrations. On the other hand, high concentrations of oxygen in 
the culture may inhibit microalgae growth. 

 Nutrients and micronutrients necessary for microalgae growth: Main 
sources are carbon, nitrogen and phosphorus.  

The aforementioned characteristics triggered that the attention was focused in the 
use of these organisms for wastewater treatment. Microalgae are able to grow in 
multiple typologies of wastewater, using nutrient resources available on them 
(Abinandan and Shanthakumar, 2015; Monfet and Unc, 2017), including 
industrial, agricultural or urban wastewaters. Thus, wastewater treatment with 
microalgae has become a growing field of research nowadays (Gonçalves et al., 
2017; Guldhe et al., 2017b). 

1.1.2. Aquaculture: case study 

A milestone was reached in 2014, 
the supply of fish for human consumption overtook wild-caught fish for the first 
time (FAO, 2016). Additionally, in 2030, more than 60% of consumed seafood 
will be produced by fish farming to meet the growing demand (World Bank, 
2013). To cope with this, intensive production in aquaculture is increasing 
exponentially, making necessary the development more sustainable technologies 
and processes to be implemented in the aquaculture production sector. 
Traditionally, aquaculture intensive methods relied on flow-through systems in 
which water was used only once in the circuit and then discharged to the 
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environment.  An option to perform a sustainable water management is closing 
circuits using recirculating aquaculture systems (RAS) and installing 
technologies for water treatment. In this context, the development of sustainable 
technologies for wastewater treatment becomes key. Microalgae-based 
technologies are presented as a promising solution for aquaculture wastewater 
treatment (Egloff et al., 2018; Gao et al., 2016; Posadas et al., 2015; Van Den 
Hende et al., 2014a), as will be explained in Chapter 2 and 3, obtaining 
microalgae biomass that could be valorised into biofuels (Guo et al., 2013), or as 
aquaculture feeds to substitute those traditionally used (Yarnold et al., 2019). In 
this Thesis, Chapter 2 and 3, it is proposed the experimental study of the 
implementation of microalgae for RAS water treatment.  

1.1.3. Wastewater treatment plants: case study 

Microalgae are presented as an emerging technology for urban wastewater 
treatment (Gouveia et al., 2016) as they are able to remove nutrients such as 
nitrogen and phosphorous (Cuellar-Bermudez et al., 2017), organic matter (Wang 
et al., 2017), hazardous contaminants (Muñoz and Guieysse, 2006), contaminants 
of emerging concern (Matamoros et al., 2015) or CO2 from biogas performing its 
upgrading (Rodero et al., 2019). This aligns with the change of parading, from 
WWTP to WRRF, as microalgae biomass obtained during wastewater treatment 
can be used as a resource for the production of biogas through anaerobic digestion 
(Jankowska et al., 2017b; Passos et al., 2015), co-digestion with sludge (Thorin 
et al., 2018) or VFAs obtention through fermentation (Jankowska et al., 2017a) 
in the same context. But prior to its valorisation, separation techniques (known 
as harvesting), should be applied to obtain microalgae biomass separated from 
the water itself (Singh and Patidar, 2018). Filtration, centrifugation, flotation or 
coagulation and flocculation are found among these techniques and are also 
applied in conventional WWTP. In this Thesis, Chapter 4 and 5, it is addressed 
the implementation of microalgae-based processes from a mathematical point of 
view. 

1.1.4. Modelling tools 

The importance of modelling tools in the change of paradigm, resides in its useful 
application for remodelling and upgrading WWTP. Preceding the full 
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implementation of the technologies proposed for WWTP remodelling, it is 
important to carry out a preliminary assessment to analyse the effect of these new 
processes in the whole plant performance as well as an economic feasibility 
approach. In this regard, mathematical modelling and simulation is presented a 
key tool for scenario analyses. Already available models for WWTP processes 
are: Activated Sludge Model (ASM) (Henze et al., 2000), attaining biological 
processes related with organic matter degradation and nutrient removal or 
Anaerobic Digestion Model (ADM1) (Batstone et al., 2002). Those models had 
been used as a starting point to develop forthcoming models. Models including 
other processes of interest in wastewater treatment are also already developed, 
including chemical and physio-chemical phenomena (Batstone et al., 2012; 
Flores-Alsina et al., 2015), operational costs estimation (Aymerich et al., 2015; 
Descoins et al., 2010; Rieger et al., 2006), or heat transfer description in unit-
processes (Corbala-Robles et al., 2016; Gillot and Vanrolleghem, 2003; Gomez 
et al., 2007; Makinia et al., 2005). 

However, in order to carry out a complete assessment of the functioning a 
WWTP, integrated models considering the totality of the WWTP, from the water 
line to the sludge line processes, should be used (Jeppsson et al., 2007; Nopens 
et al., 2009). The bottleneck of this approach is the necessity of a standardisation 
of all models to allow its implementation together. Plant Wide Model (PWM) 
methodology developed at Ceit (Grau et al., 2007), emerges as a solution to the 
implementation of microalgae processes into WWTP simulations, considering 
the whole configuration of the plant. In this Thesis, Chapters 4 and 5, it is 
proposed an update of this mathematical model library in order to include 
microalgae biomasses, and thus enhance its study for the implementation at 
industrial scale. 

1.1.5. Problem identification  

This Thesis answers to two different problems that have the same linking factor: 
water treatment. As explained before, RAS water treatment with microalgae is 
an emerging field that arouses great interest. In this regard, microalgae cultivation 
have been proven to be suitable for RAS water treatment under a variety of 
conditions. Nevertheless, the robustness of a cultivation is paramount to perform 
an adequate wastewater treatment to be reused, along with the valorisation of the 
biomass obtained. In this thesis it is studied the impact of protozoa, algae grazers, 
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in the performance of the cultivation of two microalgae species, and thus its 
robustness. Additionally, it is also proposed a strategy, co-cultivations, to 
enhance this robustness. On the other hand, urban wastewater treatment with 
microalgae has received a lot of attention in recent years as it contributes to the 
development of more sustainable wastewater treatment technologies. In order to 
enhance its complete implementation at industrial scale in WWTP, the 
development of integrated models that consider the whole WWTP is necessary. 
In this Thesis, an extension of the PWM library is proposed to include microalgae 
biomasses to enhance its implementation in WWTP through the simulation of 
cases studies.  

1.2 OBJECTIVE OF THE THESIS 

The main objective of this thesis has been gaining deep knowledge on new 
sustainable technologies for wastewater treatment, developing new solutions 
based on microalgae-processes. Concretely, the use of microalgae-based 
processes for wastewater treatment as an alternative to nutrient removal 
conventional technologies. The use of different wastewaters was explored, first, 
from an experimental point of view, microalgae monocultivations and co-
cultivations were carried out at laboratory and pilot scale. Real aquaculture water 
was treated, with the aim of testing the suitability of the implementation of these 
processes for aquaculture wastewater treatment in the context of RAS. 
Afterwards, it is presented the implementation of a microalgae-based process 
model in a platform that allows plant wide simulations, in order to enhance its 
study and implementation at industrial scale in the context of urban wastewater 
treatment in WWTP and WRRF. As explained before, both fields of research are 
of great interest nowadays.  

It is important to highlight that the main subjacent objective of this Thesis was 
the implementation of a new research line in the Water and Waste Research 
Group at Ceit, taking into account the high expertise of the research group in 
advanced technologies for nutrient removal, and in integrated modelling and 
simulation of wastewater treatment plants. This new line responds to the need of 
creating new research areas that consider the growing concern about the 
environmental impacts of wastewater treatment plants, tending to the 
development and implementation of WRRF, instead of the traditional concept of 
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WWTP. Additionally, the expansion of the already developed PWM library it is 
also of great interest into the whole concept of this new research line.  

These main objectives were fulfilled by achieving the following partial 
objectives: 

 Assessing the suitability of microalgae in an aquaculture context for treating 
wastewater produced in RAS:  

 Evaluate microalgae treatment efficiency for RAS water at laboratory 
scale, based on: 

 Microalgae species used (Chlorella vulgaris and Tetradesmus 
obliquus). 

 Location of the microalgae treatment in a RAS system.  

 Influence of protozoa in microalgae performance (growth and 
nutrient removal efficiency). 

 Improvement of microalgae cultivation robustness, at both, laboratory 
and pilot scale: 

 Enhancement of microalgae performance using a co-cultivation of 
C.vulgaris and T. obliquus. 

 Influence of protozoa in co-cultivation performance (growth and 
nutrient removal efficiency). 

 Enhancing the implementation of microalgae-processes in WWTP: 

 Development of the model for microalgae processes description, 
including microalgae biomasses and transformations.  

 Definition of a complete and structured model library that integrates the 
exiting models and microalgae biomasses into a new category in PWM 
library. 

 Calibration and validation of the developed model.  
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1.3 CONTENTS OF THE THESIS 

The contents of the present Thesis are distributed into six chapters, as detailed 
below:  

Chapter 1- Introduction: The present chapter in which the motivation of the 
Thesis is stated along with the main objective and the content of each Chapter. 

Chapter 2- Treatment of aquaculture water with Chlorella vulgaris and 
Tetradesmus obliquus- Laboratory scale experiments: In this Chapter the 
suitability of microalgae-based aquaculture wastewater treatment with 
microalgae is studied at laboratory scale. The performance of two species, 
Chlorella vulgaris and Tetradesmus obliquus, was analysed in terms of 
microalgae growth, nutrient removal and how protozoa and bacteria affected the 
cultivations. It was also tested the influence of water quality. It was seen that 
protozoa affected microalgae growth, and thus performance. As a result, it was 
proposed the possibility of using co-cultivations to enhance microalgae 
cultivation robustness. 

Chapter 3- Treatment of aquaculture water with a microalgae co-cultivation- 
Laboratory and pilot scale experiments: In this Chapter a co-cultivation of the 
two microalgae species already employed is tested at laboratory scale and pilot 
scale for aquaculture wastewater treatment. Performance was also tested in terms 
of microalgae growth and nutrient removal, and protozoa and bacteria were also 
monitored. It was confirmed that the robustness of a cultivation could be 
improved using co-cultivations.   

Chapter 4- New mathematical model for incorporating microalgae 
transformations into an integrated model: In this Chapter, a review of the 
available mathematical models for microalgae processes simulation is presented. 
Using this review as a starting point, an updating of PWM library is proposed for 
including microalgae biomasses. In order to achieve this, a new category, with 
two new components and its corresponding transformations was developed. 

Chapter 5- Calibration and verification of the integrated mathematical model 
incorporating microalgae transformations: In this Chapter, a calibration of the 
already implemented microalgae model is carried out. To accomplish this, 
previous pilot-scale experience presented in the Thesis has been used. 
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Chapter 6- Conclusions and future research lines: This Chapter highlights the 
main conclusions of this thesis and proposes further research lines. 

In Chapter 7, the references of the Thesis are alphabetically listed.  

In addition, the Appendix includes: 

Appendix A: Publications and Projects carried out during the Thesis.  

Appendix B: Description of PWM library categories, including the scope of 
PWM categories, state-variables specifications, software implementation, the 
definition of the component vector as well as the transformation list and, finally, 
the parameters used.  
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2.1 ABSTRACT 

In this Chapter the suitability of microalgae-based wastewater treatment systems 
in aquaculture is studied at lab-scale, prior to pilot-scale cultivation. The main 
objective of this study was to evaluate how the quality of the water sample taken 
from an aquaculture system affected the growth rate and nutrient removal 
efficiency of two well-known microalgae strains, Chlorella vulgaris (C. vulgaris) 
and Tetradesmus obliquus (T. obliquus). In addition, the influence of water 
pretreatment (filtration, sterile filtration) is studied. To this end, fully factorial, 
replicated cultivations were carried out, and nutrient removal, microalgae 
growth, and density of bacteria and protozoa were measured. An overview of this 
Chapter is shown in Figure 2. 1. 

Figure 2. 1 Graphical abstract of Chapter 2. 

2.2 INTRODUCTION 

According to The World Bank, in 2030 60% of fish destined for direct human 
consumption will be supplied by aquaculture (World Bank, 2013). Indeed, with 
capture fishery production remaining relatively static since the late 1980s, 
aquaculture has been responsible for the impressive growth in the supply of fish 
for human consumption (FAO, 2016). 

Aquaculture methods include open systems (extensive, semi-intensive and 
intensive flow-through systems) and closed systems (intensive recirculating 
aquaculture systems, referred as RAS) (European Commission, 2016). In open 
systems, water passes through only once, followed by treatment and discharge. 
Correspondingly, these systems have a high water consumption, and, although 
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water is treated before discharge, a decrease in water quality with adverse 
environmental effects occurs (Jegatheesan et al., 2011; Pillay, 2004).  

RAS are an alternative to open systems that decreases freshwater consumption 
by means of recirculating the water. As a consequence, effluents are discharged 
in much lower volumes but considerably higher nitrogen concentrations than 
from open systems (Milhazes-Cunha and Otero, 2017). The recirculation requires 
water treatment in the loop to prevent the accumulation of pollutants (mainly 
suspended solids and ammonia) in the system, which can cause harm to the fish. 
Primary treatment processes are ammonia removal via biological treatments 
(nitrifying biofilters) and solids capture via mechanical filters (van Rijn, 2013). 
This reduces the demand of fresh water to less than 10% compared with 
conventional aquaculture systems (Timmons and Ebeling, 2010). The resulting 
concentration of nitrate that circulates in the system depends on the rate of water 
exchange and can reach up to 400-500 mg NO3-N/L, at which level it can affect 
the growth of commercially cultured aquatic organisms (van Rijn et al., 2006). 
In any case, the development of technologies to remove nitrate and other 
inorganic nutrients from the RAS water is necessary to avoid their discharge in 
the environment.  

Conventionally, nitrate in wastewater is removed via biological denitrification 
using organic matter as carbon source, a process that uses the resources present 
in wastewater inefficiently (Fernández-Arévalo et al., 2017a). While this has 
been carried out in aquaculture systems using various external carbon sources 
(van Rijn et al., 2006; Zhu et al., 2015), their use comes with an additional cost.  
A possible solution is the use of sludge from the RAS itself as a carbon source 
and, thus, reduce sludge and nitrate concomitantly (Meriac et al., 2014; Suhr et 
al., 2014), yet this approach achieves no resource recovery and thus no added 
value is obtained. 

Microalgae-based technologies are a promising solution for aquaculture 
wastewater treatment (Egloff et al., 2018; Gao et al., 2016; Posadas et al., 2015; 
Van Den Hende et al., 2014a) and the microalgae biomass obtained can be 
valorised (Barnharst et al., 2018; Guo et al., 2013; Milhazes-Cunha and Otero, 
2017). This concept of recycling nutrients through integrated farming can help 
lowering the ecological impact of RAS (Martins et al., 2010) and was suggested 
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as a means to improve the economic viability of both the RAS (Badiola et al., 
2012) and the microalgae cultivation (Nayak et al., 2016).  

It is important to highlight that, at least to our knowledge, many studies on 
cultivation of microalgae in aquaculture wastewater (e.g. from recirculating 
aquaculture systems, in aquaponics, or prior to discharge) have been adapted to 
laboratory settings and thereby somewhat detached from real world conditions. 
This included sterilization of water samples, nutrient addition (Ansari et al., 
2017; Guldhe et al., 2017a; Guo et al., 2013; Kuo et al., 2016; Michels et al., 
2014), use of synthetic wastewater (Barnharst et al., 2018), or very short 
cultivation periods (Halfhide et al., 2014). While these adaptations are necessary 
to gain experimental control, they also ignore possible challenges such as 
unbalanced nutrients or chemical and biological contaminants. In particular the 
latter may be a serious threat to microalgae cultivation, as even small numbers of 
herbivorous protozoa can rapidly multiply in and thus destroy a culture (Day et 
al., 2017). 

The objective of this study was to evaluate how the quality of the water sample 
taken from a RAS will affect the growth rate and nutrient removal efficiency of 
microalgae (Chlorella vulgaris, Tetradesmus obliquus). To this end, cultivations 
were carried out in raw and filter-sterilized water samples taken at different 
locations within a RAS. Nutrient removal, microalgae growth, and density of 
bacteria and protozoa were measured for up to 18 days. 

2.3 MATERIALS AND METHODS 

2.3.1. Collection of RAS water and characterization  

Water samples were obtained from an aquaponic system situated in a foliar 
greenhouse on the Campus Grüental of the Zurich University of Applied 
Sciences in Wädenswil, Switzerland (Figure 2. 2). The aquaponic system (total 
volume 4.3 m3) consisted of two subunits: a recirculating aquaculture system 
(RAS) unit stocked with Nile Tilapia (Oreochromis niloticus) at a density of 17 
kg m-3 and a feeding of 400-450 g day-1 (Tilapia Vegi, 3.0 mm, Hokovit, 
Hofmann Nutrition AG, Switzerland,) and a hydroponic unit, where kale 
(Brassica oleracea; Br. oleracea var. acephala subvar. lacinata), cabbage (Br. 
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oleracea var. acephala) and swiss chard (Beta vulgaris ssp. vulgaris var. 
vulgaris) were cultivated. 

 

 
Figure 2. 2 Aquaponic system composed by a RAS unit and a hydroponic unit 

(Wädenswil, Switzerland). Picture courtesy of Florentina Gartmann. 

The RAS unit (Figure 2. 3) was composed of a fish tank (2.7 m3), from which the 
water was drained through a central bottom outlet to a 40-µm drum filter 
(Hydrotech HDF 501 1P, Veolia Water, Denmark) into a moving bed biofilter. 
From there, a submerged pump (5.6 m3 h-1) delivered the water through 
ultraviolet treatment (MR1-250 PP Inline, Ultraaqua, Denmark) and an 
oxygenation zone back to the tank. Part of the water coming from the 
oxygenation zone was directed to the hydroponic unit. Tap water inflow was 
controlled by a mechanical water level valve ensuring constant water level. 
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Figure 2. 3 Scheme of the RAS, from which samples were taken. Numbers 

indicate fish tank (1), drum filter (2), biofilter (3), Ultaviolet lamp (4), 
oxygenation zone (5), fresh water inlet (6) and connection to the hydroponic unit 

(7). Letters indicate sampling point; arrows indicate direction of flow. 

Water was collected from three different points in the RAS (Figure 2. 3): directly 
from the fish tank (referred to as FT), after the drum filter (DF) and after the UV 
and oxygenation units (UV). Samples were used directly for microalgae 
cultivation. In addition, two further samples were derived from the FT sample: 
FT4-7 was obtained by filtration through a sterilized 4-7-µm folded filter paper 
(Whatman, article no. 10311851) and FT0.2 by filtration through a 0.20-µm 
bottle-top filter (Nalgene, article no. 595-4520). 

The chemical composition as well as the number of bacteria in the samples (Table 
2. 1) was measured as explained below under analytical methods. 
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Table 2. 1 Details on the growth medium and water samples used in this study 
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2.3.2. Cultivation of microalgae 

Chlorella vulgaris CCAP 211/52 was obtained from the Culture Collection of 
Autotrophic Organisms of the Institute of Botany of the Czech Academy of 
Sciences. Tetradesmus obliquus (syn. Acutodesmus obliquus, Scenedesmus 
obliquus) SAG 276-1 was obtained from the Culture Collection of Algae at 
Göttingen University. Both microalgae are freshwater species.  

Cultivations were carried out in an incubator (Multitron Pro, Infors HT, 
Bottmingen, Switzerland) at 25 °C, 2 % CO2 atmosphere, 115 rpm, constant 
illumination (warm white LEDs, 3500 K, photosynthetic photon flux density 90 
µmol s-1 m-2) in 100-ml Erlenmeyer flasks covered with a cotton stopper. If not 
stated otherwise, mineral medium (referred to as MM) was used (Doucha and 
Lívanský, 2006), where urea was replaced by sodium nitrate at the same final 
concentration of nitrogen. 

2.3.3. Analitical methods 

Cell density of microalgae was determined by light microscopy (phase contrast, 
400-fold magnification) with a counting chamber (Improved Neubauer with 
0.100 mm depth, Marienfeld, Germany). To minimise the error of any estimate, 
at least 100 microalgae cells were counted. This method requires a homogeneous 
distribution of cells and cannot be carried out when cells become aggregated 
(which occurred in some samples towards the end of the experiment). 

Protozoa such as rotifers, amoeba, ciliates, and flagellates were quantified by 
light microscopy in a counting chamber (same as above). A low magnification 
was used to survey the whole chamber, which contained approximately 10 µl. 

Absorbance at 750 nm was measured with an automated plate reader (Infinite 
200 Pro, Tecan) in 100-µl samples in 96-well microtiter plates. 

Heterotrophic aerobic bacteria in samples were enumerated by plating on plate 
count agar (expressed as cfu ml-1) followed by dark incubation at room 
temperature for two days. To ensure countable numbers of colonies, samples 
were diluted in sterile water as required.  

Dry weight was measured from 5-ml samples, centrifuged for 5 min at 5000 g, 
decanted, and dried at 105 °C overnight, following Standard Methods (American 
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Public Health Association, 2005). For the final dry weight analysis, cultivations 
were sampled exhaustively, following the same procedure. 

Concentrations of nitrate (NO3-N), phosphate (PO4-P) and chemical oxygen 
demand (COD) were measured with photometric test kits (LCK 339, LCK 349 
and LCK 1414 respectively, Hach-Lange, Rheineck, Switzerland). Chemical 
composition of RAS water samples (NH4

+, Na+, Ca2+, Mg2+, K+, NO2
-, Cl-, SO4

2-

) was determined by ion-chromatography (930 Compact IC flex, Metrohm, 
Zofingen, Switzerland). It is important to remark that the obtained value of 
chemical oxygen demand (COD) is very low (38.4 mg l-1) and, thus, does not 
allow bacteria to establish a substantial population size in the experiments (the 
COD of M9 minimal medium with 0.3% (w/v) glucose is approximately 1000-
fold higher). 

Sample handling and collection was carried out carefully to avoid experiment 
disruptions. 100 µl were collected daily to measure absorbance and count 
microalgae, protozoa and bacteria. For accurate dry weight analysis, it was 
necessary to collect a 5-ml sample three times during the experiment. 

2.3.4. Experimental setup 

Chlorella vulgaris and Tetradesmus obliquus were cultivated in all five water 
samples (FT0.2, FT4-7, FT, DF, and UV) as well as in MM. Due to their 
preparation, MM and FT0.2 were sterile and FT4-7, FT, DF and UV were not 
sterile. The concentration of MM was adjusted such that the concentrations of 
nitrogen (N) and phosphorous (P) corresponded to those in the water samples. As 
the N/P mass ratio = 9.5 was the same in both MM and water samples, no 
supplementation of either macronutrient was necessary. The pH of MM was 
adjusted with 1 M NaOH to 7.5 to match that of the water samples. 

Both species were inoculated separately in 60 ml of either MM, FT0.2, FT4-7, 
FT, DF, UV at final concentrations of approximately 104 cells per ml. All 
treatments were replicated four-fold to obtain 2 (microalgae species) x 6 (growth 
media) x 4 (replicates) = 48 independent cultivations. 

All cultivations were carried out simultaneously (Figure 2. 4). Chlorella vulgaris 
was cultivated for 13 days and Tetradesmus obliquus for 18 days. Cell density 
and protozoa count were determined at days 3, 6, 10, 13 (only C. vulgaris), 14 
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(only T. obliquus), and 18 (only T. obliquus). Bacteria were quantified at days 3, 
11, 13 (only C. vulgaris), and 18 (only T. obliquus). Dry weight was determined 
at days 6, 10, 13 (only C. vulgaris), 14 (only T. obliquus), and 18 (only T. 
obliquus). At the last sampling date, the complete remaining volume was 
sampled. Nitrate and phosphate were measured at day 0 in all cultivations and at 
days 13 (only C. vulgaris) and 18 (only T. obliquus). 

a) 

 

b) 

 

Figure 2. 4 Picture of the experimental set-up in the incubator (a) and an example 
of daily sample handling for analyses (b).  

2.3.5. Data analyses 

To test for differences and correlations, non-parametric tests (Mann-Whitney, 
Kruskal-Wallis, Spearman) or tests assuming non- -
test) were used to avoid issues due to unequal variances or non-normally 
distributed residuals. Significance was tested on a level of  = 5% and is 
indicated by the use of the words significant (<5%) and marginal (<10%) in the 
results. Growth rates were estimated as the maximum of the first derivative of a 
smoothing spline that was fitted to the data on absorbance of the first eight days 
of the experiment of every replicate. All mathematical analyses were carried out 
with R statistical software version 3.4.1. 
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2.4 RESULTS AND DISCUSSION 

2.4.1. Growth of Chlorella vulgaris and Tetradesmus obliquus 

Chlorella vulgaris grew in all media (Figure 2. 5 and Figure 2. 6), with the highest 
growth rate (0.242 ± 0.002 d-1 (mean and SEM) for optical density) and the 
highest final biomass estimates (optical density, cell density, dry weight) 
obtained in mineral medium (MM). Growth rates in all other media were lower 
(FT0.2: 0.187 ± 0.005 d-1; FT4-7: 0.174 ± 0.006 d-1; FT: 0.193 ± 0.003 d-1; DF: 
0.178 ± 0.008 d-1; UV: 0.207 ± 0.009 d-1). Maximum biomass at the last day of 
cultivation was between 1.49x, 2.05x and 1.9x higher than in the second best 
medium, FT0.2, using measures of optical density, cell density, or dry weight, 
respectively. MM has been developed specifically to enable good growth of C. 
vulgaris, which explains the observed significant differences.   

More interestingly though, pronounced differences in growth patterns were 
observed between sterile and non-sterile water samples during the second half of 
the cultivation (Figure 2. 5). After the seventh day of cultivation, optical density 
was consistently and significantly lower in non-sterile samples and began to 
decline between days ten and eleven. The same pattern was visible in the data on 
cell density and dry weight: growth in non-sterile samples deviated significantly 
and declined. All growth data showed that Chlorella vulgaris performed 
markedly better in sterile media, reaching final dry weights (g l-1, mean ± SEM) 
of 4.34 ± 0.02 in MM and 2.28 ± 0.04 in FT0.2, followed 1.84 ± 0.2 in UV, 1.67 
± 0.19 in FT4-7, 1.41 ± 0.16 in DF, and 1.39 ± 0.14 in FT. 

It is noteworthy to mention that among the non-sterile samples, growth rate and 
maximum final biomass were higher (marginally and significantly, respectively) 
in UV than in FT4-7, FT, and DF. Optical density was higher from day four 
onwards and significantly so at days six and nine to twelve. Cell density was 
higher at all days when samples were taken and significantly so at day ten. Dry 
weight was higher at all days when samples were taken and significantly so at 
days six and ten. This suggests that the location, where water is taken from a 
RAS, has an effect on growth of C. vulgaris and that the in-built UV treatment 
can be used to improve the quality of the water for subsequent microalgae 
cultivation.  
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Figure 2. 5 Growth of C. vulgaris (measured by absorbance (left column), cell 
density (middle column) and dry weight (right column)) in mineral medium (blue 

dashed lines, in all plots for comparison), in sterilized (blue dotted lines, in all 
graphs for comparison) and in non-sterilized water samples (orange solid lines) 
taken from different locations in a RAS (as indicated on the left). Error bars are 

standard errors of the mean of four replicates. 
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Figure 2. 6 Maximum growth rates per day of C. vulgaris in different media 
estimated from growth data obtained by measurements of optical density. 

Tetradesmus obliquus grew in all media (Figure 2. 7 and Figure 2. 8), and again, 
as with C. vulgaris, the highest growth rate (0.230 ± 0.003 d-1 (mean and SEM) 
for optical density) and the highest biomass estimates (optical density, cell 
density, dry weight) were obtained in mineral medium (MM), with significant 
differences to all RAS water samples, both sterile and non-sterile at the last day 
of cultivation: 1.9x higher optical density; 2.44x higher cell density; 3.74x higher 
dry weight than in the second best medium. 

In contrast to the observations made with C. vulgaris, no consistent differences 
were found when growth data between sterile and non-sterile water samples were 
compared in T. obliquus. Optical density and dry weight were intermittently 
(days 4-12 and days 6 and 10 respectively) elevated in non-sterile samples 

-test, p < 0.05), yet these differences disappeared towards the end of 
cultivation. No differences in dry weight were found between sterile and non-
sterile samples. The final dry weight (g l-1, mean ± SEM) was 6.71 ± 0.07 in MM, 
followed by 2.10 ± 0.1 in FT, 1.95 ± 0.06 in FT4-7, 1.83 ± 0.12 in UV, 1.83 ± 
0.28 in DF, and 1.79 ± 0.06 in FT0.2. 

There was no discernible effect of the sterility of the water samples on growth of 
Tetradesmus obliquus. Likewise, no effects of the sampling location in the RAS 
on growth were observed. 
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Figure 2. 7 Growth of T. obliquus (measured by absorbance (left column), cell 
density (middle column) and dry weight (right column)) in mineral medium (blue 

dashed lines, in all plots for comparison), in sterilized (blue dotted lines, in all graphs 
for comparison) and in non-sterilized water samples (orange solid lines) taken from 
different locations in a RAS (as indicated on the left). Error bars are standard errors 

of the mean of four replicates. 
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Figure 2. 8 Maximum growth rates per day of T. obliquus in different media 
estimated from growth data obtained by measurements of optical density 

Taken together, growth of C. vulgaris surpassed that of T. obliquus in sterile 
water, where the final dry weight was 27% higher, yet this pattern was reversed 
in non-sterile water, where T. obliquus performed superiorly and its final dry was 
22% higher (both comparisons with significant differences). 

This difference in growth trajectories between C. vulgaris and T. obliquus was 
due to the fact that cultures of C. vulgaris crashed in non-sterile samples whereas 
T. obliquus did not. This was also evident by visual inspection of the cultivations 
from day ten of cultivation, where C. vulgaris formed visible clumps and culture 
colour turned brown (Figure 2. 9). This pattern only became visible during the 
second half of the experiment. Indeed, maximum growth rates of both species, 
which were attained before day five in all cultivations, did not reflect this pattern 
and C. vulgaris performed significantly better than T. obliquus in all cases (Figure 

2. 6, Figure 2. 8 and Figure 2. 10). 
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Figure 2. 9 Pictures of all replicate cultures taken at the last day of cultivation (day 13 
for C. vulgaris, day 18 for T. obliquus). Differences in volume are due to differences in 

sampling and evaporation. 



Results and discussion  29 
 

 

  

Figure 2. 10 Growth trajectories (C. vulgaris top row, T. obliquus bottom 
row) based on optical density (absorbance at 750 nm) of all replicate 
cultivations. Fitted lines are smoothed splines that were used to locate 

periods of maximum growth rate (indicated by arrows) in all replicates. 
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2.4.2. Presence of protozoa 

Protozoa were observed in all non-sterile water samples during the course of the 
cultivation while they were absent in sterile water and MM. Their density 
increased exponentially over the course of the experiment by more than three 
orders of magnitude in cultivations of both C. vulgaris and T. obliquus (Figure 2. 
11). While this increase continued over the whole course of the cultivation with 
C. vulgaris (average final density 3.36·105 individuals ml-1), protozoan density 
peaked at day 14 in cultivations with T. obliquus (1.69·105 individuals ml-1) and 
declined thereafter significantly (2.16 ·104 individuals ml-1 at day 18). No 
significant differences between densities of protozoa were observed when data 
from days 13 (C. vulgaris) and 14 (T. obliquus) were compared. 

 

 

Figure 2. 11 Protozoa in cultivations of C. vulgaris (top row) and T. obliquus 
(bottom row). First column: Growth of protozoa in non-sterile water samples (solid 

lines and squares: FT4-7, dashed lines and circles: FT, dotted lines and triangles: 
DF, dot-dashed lines and diamonds: UV). Second to fourth column: Correlation of 
protozoan density with growth measurements (optical density, cell density and dry 

weight, respectively) at the last day of cultivation (day 13 or 18 respectively). P 
values in the panels are from Spearman rank correlations. 

A comparison of growth data and protozoan density suggests that herbivorous 
protozoa were the cause of the observed decline in C. vulgaris biomass: Across 
all non-sterile water samples, protozoan density correlated significantly and 
negatively with measures of microalgae growth (optical density, cell density, dry 
weight) at the last day of cultivation, day 13 (Figure 2. 11). In the cultivations 
with T. obliquus, where no decline in microalgal biomass was observed, no 
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significant correlations were found between protozoan density and measures of 
microalgae growth at the last day of cultivation, day 18 (Figure 2. 11). The 
importance of protozoa is further supported by the above mentioned data on 
growth rates: early during the experiments, when herbivores were not yet 
abundant, C. vulgaris performed better than T. obliquus in both sterile and non-
sterile media. 

At the end of the cultivation, (day 13 for C. vulgaris and day 18 for T .obliquus) 
microscope observations were carried out. C. vulgaris size was around 5 µm 
diameter (in accordance with Liu et al., 2014) and T. obliquus between 5-12 µm 
length (in accordance with Belcher and Swale, 1977). Protozoa size ranged from 
20 to 300 µm length (from ciliates and flagellates around 20 µm to 300 µm of 
rotifers). Based on microalgae size, it seems that C. vulgaris is more likely to 
suffer predation. In addition, microalgae were detected inside protozoa, as a 
result of being predated by them. This reinforce the relation observed between 
the presence of protozoa and cultivation density.    

The data provided strong evidence that protozoa were the reason for the observed 
decline in microalgae productivity in non-sterile water, and the effect varied 
between C. vulgaris and T. obliquus. Protozoa are known to feed on microalgae 
and are notorious for being able to collapse cultures (Day et al., 2017). The effect 
of protozoa on microalgae cultures depends on microalgae species (Abou-Shanab 
et al., 2016; Day et al., 2017; Erkelens et al., 2014), with another species of 
Chlorella being noted as particularly vulnerable (Abou-Shanab et al., 2016). In 
addition, some microalgae are capable of mounting inducible defences as a 
protection against predators, including C. vulgaris (Fisher et al., 2016) and T. 
obliquus (Zhu et al., 2016). It appears that under the conditions in our study, C. 
vulgaris defences are not as efficient as those of T. obliquus and did not prevent 
the collapse of the culture. As stated before, it is possible that this difference is 
related to cell size (Day et al., 2017; Grobbelaar, 1981), which can greatly affect 
susceptibility to grazing herbivores (Brooks and Dodson, 1965). Obviously, the 
mere presence of defences is not sufficient to judge whether they offer protection 
under particular circumstances, e.g. the predator species in question. 

Figure 2. 12 is an example of the protozoa (only amoeba and ciliates shown) 
found in the cultivations during the experiment. Figure 2. 12 a and d (black bar 
50µm) correspond to microalgae cultivated in MM (absence of predators). Figure 
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2. 12 b (200 µm), c (200 µm), f (50 µm) and g (100 µm) are non-sterile 
cultivations with presence of amoeba and ciliates.  

 
C. vulgaris T. obliquus 

a) 

 

d) 

 
b) 

 

f) 

 
c) 

 

g) 

 
Figure 2. 12 Microscope observations of protozoa found in the cultivations. 
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2.4.3. Presence of bacteria 

Bacteria occurred in all cultivations and their numbers increased during the 
course of the experiment (Figure 2. 13). This happened in both sterile and non-
sterile samples for both cultivations, C. vulgaris and T. obliquus. Also, they were 
observed in sterile media, which may be explained by the fact that microalgae 
samples were not axenic to begin with. This was expected and also knowingly 
accepted. Still, when sterile media were used, bacterial counts were typically 
lower than when non-sterile media were used, indicating that sterilization of 
water samples also affected the bacterial community in the cultivations 
(significant differences at all but the last day of sampling in T. obliquus). 

In non-sterile cultivations of C. vulgaris, counts of protozoa and bacteria 
correlated significantly and negatively, but not in those of T. obliquus (P values 
in Figure 2. 13). This suggests that the presence of protozoa adversely affected 
bacterial density, possibly because protozoa feed directly on bacteria as well 
(Sherr and Sherr, 1987). Alternatively, the grazing activity of protozoa releases 
dissolved organic carbon, which in turn can promote bacterial growth (Hygum et 
al., 1997). This is not supported by the observed negative correlation. 

Figure 2. 13 First column: Average bacterial density in all wastewater samples 
during cultivation with either C. vulgaris or T. obliquus (MM: red solid line, 

squares; FT0.2: red dashed line, circles; FT4-7: dotted line, triangles; FT: dotdash 
line, diamonds; DF: longdash line, circles; UV: twodash line, circles). Second 
column: Correlation between bacterial and protozoan density at the last day of 

cultivation. 
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The negative correlation between bacterial and protozoan density points to a 
potential benefit of protozoa in being able to keep the concentration of bacteria 
low, which may be desirable in some applications (Fulbright et al., 2018), yet not 
in all (Van Den Hende et al., 2014b). 

2.4.4. Nutrient removal 

Highest removal efficiencies for nitrate and phosphate for both microalgae 
species were found in MM (nitrate: 99.8% and 99.7%, phosphate: 99.7% and 
99.6%, for C. vulgaris and T. obliquus respectively, Figure 2. 14). This very 
likely reflects the fact that nutrient availability has been optimized in MM, which 
has also been observed in the growth data (mentioned above). 

 
Figure 2. 14 Removal efficiency of nitrate and phosphate as measured for C. 

vulgaris (dark grey bars) and T. obliquus (light grey bars). Note that y-axes have 
been truncated to improve the visualisation of differences between treatments. 

In water samples from the RAS, a more complicated, yet interesting pattern 
emerged that corresponded to the observed diverging growth trajectories in 
sterile and non-sterile samples: C. vulgaris showed a high (99.7%) removal 
efficiency of nitrate in FT0.2, and performed inferiorly in non-sterile water 
(average 78.7%), which was significantly lower. The pattern was repeated with 
phosphate, where the removal efficiency dropped significantly from 99.7% in 
sterile water to 97.0% in non-sterile water. T. obliquus exhibited an inverse 
pattern, with nitrate removal efficiency being significantly lower in sterile water 
(69.3%) than in non-sterile wastewater (80.6%), whereas there were no 
discernible differences in phosphate removal efficiency (99.7% in both types of 
water). Overall, C. vulgaris significantly outperformed T. obliquus in nitrate 
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removal in sterile water, but not in non-sterile waters. In phosphate removal, both 
species performed equally in sterile medium but T. obliquus significantly 
outperformed C. vulgaris in non-sterile medium. 

The observed interaction between microalgae species and sterility of the medium 
bears similarity to the growth patterns previously described (Figure 2. 5 and 
Figure 2. 7) Indeed, significant positive correlations were found for all growth 
measurements (optical density, cell density, dry weight) and removal efficiencies 
of nitrate and phosphate for C. vulgaris and removal efficiencies of nitrate for T. 
obliquus when data from the last day of the experiment (days 13 and 18 
respectively) were compared (Figure 2. 15). 

The observed link between microalgae growth and nutrient removal is also 
evident when protozoa are considered: The impact of protozoa on the growth of 
C. vulgaris (as shown above) lowered the efficiency of the latter to remove 
nutrients and hence the efficiency with which C. vulgaris removed either nitrate 
or phosphate from the medium. Removal efficiencies correlated significantly and 
negatively with the density of protozoa at day 13. This was not the case for T. 
obliquus. 

T. obliquus was not able to remove all nitrogen in the water samples, even 
under sterile conditions, whereas complete removal was achieved in mineral 
medium. The reason could be an unfavourable nutrient stoichiometry in the 
water from the RAS to which T. obliquus reacted more sensitively than C. 
vulgaris. Phosphorus was removed almost completely in all cultivations with T. 
obliquus and may have become limiting during the course of the experiment 
(Xin et al., 2010). Likewise, this effect may have been caused by another 
limiting nutrient and points to the importance of controlling the nutrient supply 
to achieve consistent removal rates. 
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Figure 2. 15 Correlation of removal efficiencies of phosphate and nitrate with 
growth measurements (columns 1-3) and protozoan density (column 4) for C. 

vulgaris (rows 1 and 2) and T. obliquus (rows 3 and 4). P values in the panels are 
from Spearman rank correlation. 
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2.4.5. Indications for the use of Chlorella vulgaris and Tetradesmus 
obliquus to treat aquaculture wastewater 

The results of this study emphasise that the choice of microalgae species could 
be critical in order to treat water from an aquaculture system effectively. 
Susceptibility towards protozoa differs between microalgae species and can have 
consequences for the efficiency which nutrients are removed. In addition, in 
RAS, an efficient and robust wastewater treatment technology is needed to assure 
the quality of the water. When nitrate accumulates in the system, a reliable 
technology to remove it becomes necessary. As addressed before, microalgae-
based technologies for nitrogen and phosphorous removal are a suitable solution 
(Egloff et al., 2018; Gao et al., 2016; Guldhe et al., 2017a; Halfhide et al., 2014; 
Posadas et al., 2015). Considering biomass growth and nutrient removal 
efficiencies, the suitability of C. vulgaris and T. obliquus have been regarded 
appropriate for aquaculture water.  

Nutrient removal efficiency, in particular of nitrate and phosphate, is of great 
importance, as aquaculture water quality is paramount for both production itself 
as well as the environment (Timmons and Ebeling, 2010). Highest removal 
efficiencies were achieved with C. vulgaris in aquaculture water that has been 
filter-sterilized. The implementation of this approach, however, comes with a 
higher cost if sterilization technologies are to be implemented. Partial 
sterilization, which can be achieved by sampling after the ultraviolet treatment 
unit, maintained a somewhat elevated removal efficiency. While it remains to be 
tested whether this effect is sufficiently strong outside of the laboratory, it makes 
certainly sense to take advantage of the UV unit when no other treatment method 
is available. The performance of T. obliquus was not affected when water 
samples where not sterilized. In the case of nitrate removal efficiency, it even 
appeared to improve under non-sterilized conditions. T. obliquus also achieved a 
higher final dry weight.  

A high yield is desirable if the biomass is to be valorised, but prior to valorisation, 
harvesting techniques should be applied to enhance biomass concentration and 
allow water reuse in the RAS. Microalgae harvesting could be done through 
different methods (sedimentation, flocculation, flotation, centrifugation, 
filtration or a combination) and its application is microalgae and process 
dependent (Milledge and Heaven, 2013). Based on different criterions (i.e. main 



38   Treatment of aquaculture water with Chlorella vulgaris and Tetradesmus obliquus 
 

 
 

application, biomass quality and quantity, cost) suitability of the harvest 
technique could be decided (Singh and Patidar, 2018). Taking into account water 
quality restoration (water to be reused) and biomass valorisation (e.g. as biogas 
via anaerobic digestion (Gonzalez-Fernandez et al., 2018; Jankowska et al., 
2017b; Passos et al., 2014), biofuel (Mata et al., 2010), as feed for live feed in 
aquaculture or as nutrient source in fish feed (Guedes and Malcata, 2012)) 
filtration and coagulation and flocculation could be applied, based on (Singh and 
Patidar, 2018).   

Another issue of high importance is the resistance of the microalgae culture 
(Benemann, 2013) against the invasion of other microalgae species, herbivorous 
zooplankton or infectious disease. Here, we document strong differences 
between microalgae species, with C. vulgaris being susceptible to grazing 
protozoa, resulting in decreased biomass yield. The development of operational 
strategies will be important to avoid or limit protozoan growth in microalgae 
cultures (McBride et al., 2014). 

In this study, a trade-off between microalgae growth and resistance towards 
herbivorous predators was observed. While C. vulgaris exhibited rapid growth in 
the absence of predators, this was coupled with a lowered defence against them. 
Inversely, T. obliquus showed increased resistance against grazing, yet 
performed inferiorly in their absence when compared to C. vulgaris. While the 
generality of this trade-off remains to be demonstrated for microalgae and further 
research is needed to gain knowledge of how predators affect the most cultivated 
microalgae species, it joins a long list of observations in wide variety of 
organisms that support the notion that both growth and defence are costly and 
their joint optimisation requires a compromise (Yoshida et al., 2004). 

As discussed before, further research is needed to gain knowledge about 
interaction between microalgae and predators in order to develop strategies to 
prevent cultivations from collapsing. In this line, interactions between predators 
and a co-cultivation of C. vulgaris and T. obliquus could be of interest for a better 
understanding. Moreover, pilot-scale experiments with RAS water could be 
carried out in order to determine, first, how the performance of these species 
change outside laboratory, and second, where to install microalgae-based 
technologies in RAS and to perform a cost-benefit analysis about its 
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implementation alone or in combination with other technologies (i.e. a previous 
sterilization). 

2.5 SUMMARY 

The results of this study highlight that aquaculture water can be treated with 
microalgae (C. vulgaris, T. obliquus). However, the results caution that both 
choice of species and pre-treatment of the water matter. Since the implementation 
of an effective wastewater sterilization could increase the total cost of the facility, 
our results emphasize the importance of choosing the right microalgae species. 
Considering that T. obliquus was not affected by the presence of protozoa in non-
sterile water samples, it is a suitable candidate for the development of a 
microalgae-based technology to treat aquaculture water. C. vulgaris, however, 
although prominently featured in many laboratory-scale studies on wastewater 
treatment, may not be suitable under more realistic conditions.  
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3.1 ABSTRACT 

As previously demonstrated, microalgae cultivation in aquaculture water with the 
aim of treating this type of wastewater in feasible. In this Chapter, a co-
cultivation of two species of microalgae, Chlorella vulgaris and Tetradesmus 
obliquus, was used for aquaculture water treatment in order to obtain a more 
reliable and robust culture contrasted to monocultures, analysed in Chapter 2. 
This approach was tested using RAS water both under sterile and non-sterile 
conditions at laboratory-scale and then compared to a co-culture at pilot-scale in 
an open thin-layer photobioreactor. Performance of cultures was tested in terms 
of microalgae growth and nutrient removal efficiency. Furthermore, to better 
understand the interaction between environmental variables and each microalgae 
species, their relative frequencies in co-cultures as well as the presence of 
protozoa and bacteria was monitored. An overview of this Chapter in shown in 
Figure 3. 1. 

 

Figure 3. 1 Graphical abstract of Chapter 3 

3.2 INTRODUCTION 

As explained before, the growing importance of microalgae biotechnology is 
clearly reflected by the increasing number of publications related to it (Garrido-
Cardenas et al., 2018), with a special emphasis on the use of microalgae for 
wastewater treatment (Monfet and Unc, 2017). A promising field in this sector is 
aquaculture, as microalgae-based technologies have been proposed as a way of 
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treating its effluents (Egloff et al., 2018; Posadas et al., 2015; Van Den Hende et 
al., 2014a). In addition, the growing interest in the replacement of fish meal with 
algal protein for the production of fish feed (Maisashvili et al., 2015; Yarnold et 
al., 2019) promises a further valorisation of microalgal biomass that could be 
produced on-site. 

State-of-the-art aquaculture relies on RAS, which are more eco-friendly, due to 
their low water demand and reduced waste output (Milhazes-Cunha and Otero, 
2017), as has been demonstrated in Chapter 2. Water in a RAS must be treated in 
order to be reused, and several studies have successfully demonstrated the 
suitability of microalgae for RAS water treatment at laboratory scale (Halfhide 
et al., 2014) and pilot-scale (Egloff et al., 2018; Li et al., 2019; Ramli et al., 2018), 
but also in Chapter 2 of the present Thesis. In these studies, known strains of 
microalgae species or characterized natural inocula with a predominance of a 
known species were used. Additionally, other studies have addressed the role of 
microalgal-bacterial consortia (Posadas et al., 2015; Van Den Hende et al., 
2014a) for aquaculture wastewater treatment. Nevertheless, little is known about 
the use of microalgae consortia (polycultures) for wastewater treatment 
(Gonçalves et al., 2017), even though some studies have been carried out before 
using RAS water (Tossavainen et al., 2019).  

Previous research has demonstrated that polycultures of microalgae were more 
reliable than monocultures, having less probabilities to suffer from crop failures 
when cultivated (Narwani et al., 2016). In general, genetic diversity reduces the 
vulnerability of ecosystems to disturbances  (Tilman and Downing, 1994). 
Therefore, the co-cultivation of multiple species of microalgae promises to 
reduce the frequency and extent of culture crashes caused by viral, bacterial or 
fungal infections or predation by protozoa, all of which may target only specific 
species (Lam et al., 2018), yet not a complete polyculture. Further, different 
nutrient requirements may improve overall nutrient utilization and, thus, the 
efficiency of wastewater treatment (Tossavainen et al., 2019). 

Protozoa are well knows pests in microalgae cultures (Day et al., 2017) and 
prevention strategies are actively researched, e.g. the use of CO2 (Montemezzani 
et al., 2017) or chemicals (Karuppasamy et al., 2018). However, such 
interventions may also affect the microalgae culture itself and less aggressive 
strategies are desirable. To this end, gaining a better understanding of the 
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interactions between specific microalgae and protozoa will help to develop 
operational strategies that minimize crashes.  

Species of the genera Chlorella and Tetradesmus are common in freshwater 
ecosystems, and are among the most used and best understood microalgae 
(Pittman et al., 2011; Rugnini et al., 2019; Unc et al., 2017). Here, specific strains 
of the species Chlorella vulgaris and Tetradesmus obliquus were selected to 
conduct the experiments, which also allowed their differentiation by light 
microscopy. Previous research with these strains showed specific differences in 
performance depending on the presence of protozoa and possibly on the location 
in the RAS, where water has been sampled (Chapter 2). Additionally, the 
presence of C. vulgaris and T. obliquus was beneficial for the growth of Nile 
Tilapia in aquaculture that uses autotrophic biofloc technology (Jung et al., 
2017). Co-cultivation of both C. vulgaris and T. obliquus has been carried out 
before using sterilized municipal wastewater (Koreiviene et al., 2014), which 
showed that this is a promising consortium for nutrient removal.  

Another paramount feature for the success of a cultivation is the specific design 
of the photobioreactor (PBR) (Rugnini et al., 2019). PBRs are mainly classified 
into two types: closed and open, each one with its own advantages and 
disadvantages (Singh and Sharma, 2012). Reactors classified as open 
photobioreactors include, among others, raceway ponds (known as high rate 
algae ponds). Those open ponds, are mainly used for urban wastewater treatment, 
as they are the most simple and cheaper to construct, along with low operating 
and productions cost. However, being open, they are prone to contamination and 
large areas are needed for the plant, unless optimized. Closed systems include a 
high variety of configurations, mainly tubular reactors placed vertical or 
horizontal. Those systems enable the control of different parameters that affect 
the cultivations, and minimizes the possible contamination. Nevertheless, they 
feature higher operations and maintenance costs, and some types are not feasible 
economically for treating wastewater (Singh and Sharma, 2012). In this Chapter 
an open thin-layer photobioreactor was used (Doucha and Lívanský, 2013). This 
type of open photobioreactors are designed to optimise microalgae cultivation 
conditions, improving surface-to-volume ratio compared with other types of open 
systems. Thus, photosynthetic efficiency is optimized thanks to the high 
turbulence and thin cultivation layer with which it is designed. CO2 is injected in 
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this PBR to enhance microalgae growth, and besides pure CO2, flue gas has been 
used successfully (Kuo et al., 2016). Additionally, due to the high surface area to 
volume ratio, a high evaporation rate allows the constant addition of RAS water 
to be treated effluents (Egloff et al., 2018).  

The objective of this Chapter was to analyse the performance of a co-cultivation 
of C. vulgaris and T. obliquus and test whether culture robustness can be 
improved. To achieve this, the performance of a co-culture of C. vulgaris and T. 
obliquus was tested at laboratory scale under controlled conditions in non-sterile 
and sterile aquaculture water, and at pilot-scale in an open thin-layer PBR using 
untreated water from the fish tank of a RAS. Growth of microalgae and final dry 
weight achieved, consortium evolution over the days (relative amount of each 
species), presence of protozoa and bacteria and finally nutrient removal 
efficiency were monitored during the cultivations. 

3.3 MATERIALS AND METHODS. 

3.3.1. Recirculating aquaculture system 

RAS water was obtained from an aquaponic system situated in a greenhouse on 
the Grüental Campus of the Zurich University of Applied Sciences in Wädenswil, 
Switzerland, as in Chapter 2. The aquaponic system consisted of two subunits: a 
recirculating aquaculture system (RAS) and a hydroponic unit. Water was 
collected from the fish tank of the RAS and was used for both laboratory-scale 
and pilot-scale experiments. A complete description of the system and a 
characterization of the RAS water is given in Chapter 2 of the present Thesis. 

3.3.2. Cultivation of microalgae 

Like in Chapter 2, two commonly used microalgae were tested: Chlorella 
vulgaris CCAP 211/52, obtained from the Culture Collection of Autotrophic 
Organisms of the Institute of Botany of the Czech Academy of Sciences, and 
Tetradesmus obliquus (syn. Acutodesmus obliquus, Scenedesmus obliquus) SAG 
276-1, obtained from the Culture Collection of Algae at Göttingen University. 
Both microalgae are freshwater species. Stock cultures of both strains were kept 
under controlled conditions (as explained in section laboratory-scale 
experiments) in mineral medium (Doucha and Lívanský, 2006). 
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3.3.2.1. Laboratory-scale experiments 

In order to allow comparisons, same procedures than in Chapter 2 were followed. 
Cultivations were carried out in 100-ml Erlenmeyer flasks covered with a cotton 
stopper in an incubator (Multitron Pro, Infors HT, Bottmingen, Switzerland) at 
25 °C, 2 % CO2 atmosphere, 115 rpm, constant illumination (warm white LEDs, 
3500 K, photosynthetic photon flux density 90 µmol s-1 m-2). Water was collected 
from the fish tank (referred to as non-sterile) and used either directly or after 
sterile filtration (0.22 µm, referred to as sterile) for cultivation at laboratory scale. 
C. vulgaris and T. obliquus were cultivated separately in non-sterile and sterile 
RAS water, being inoculated in 60 ml at a final concentration of 106 cells per ml. 
Co-cultivations of both microalgae were also tested using both non-sterile and 
sterile RAS water, starting with a 50:50 C. vulgaris: T. obliquus cell density 
percentage (106 cells per ml of each species) in 60 ml. All treatments were 
replicated four-fold.  

Cultivations lasted 19 days, until it was considered that a stationary phase was 
reached as no decay was observed. Measurements of microalgae growth were 
obtained by cell density (light microscopy), absorbance and dry weight, counts 
of protozoa (e.g. rotifers, amoeba, ciliates, or flagellates) were obtained with a 
haemocytometer (Improved Neubauer chamber, Marienfeld) under light 
microscopy, and counts of bacteria were obtained as colony forming units on agar 
plates (for all methods, kindly refer to Chapter 2). Absorbance was measured 
daily, cell density and protozoa every three days, bacteria at days 3, 7, 11 and 19 
of cultivation, and dry weight at days 4, 9, 13 and 19. At the last sampling date, 
the complete remaining volume was sampled. Nitrate and phosphate were 
measured at day 0 and at the end of the cultivation using photometric test kits 
(LCK 339 and LCK 349 respectively, Hach-Lange, Rheineck, Switzerland). 
Initial concentrations were 96.3 mg NO3-N l-1 and 9.9 mg PO4-P l-1. pH was 6.9 
and bacteria initial concentration in non- 4 cfu ml-1.  

3.3.2.2. Pilot-scale cultivation  

A co-cultivation of C. vulgaris and T. obliquus was carried out in 
August/September 2018 in an open thin-layer photobioreactor situated next to 
the RAS. The photobioreactor (Figure 3. 2 and Figure 3. 3) was constructed by 
BCS Engineering S.A., Brno, Czech Republic (Doucha and Lívanský, 2013). 
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Figure 3. 2 Scheme of the open thin-layer photobioreactor used in this study and in 

(Egloff et al., 2018).  

The reactor consisted of an inclined (1.7%) culture surface of 18 m2 made of glass 
sheets in a steel frame on which the microalgal cultivation circulated (Figure 3. 

2). At the lower end of the surface (Figure 3. 3 a), the cultivation was collected in 
a tank and then pumped up again with a centrifugal pump. 

a)  b)  

Figure 3. 3 Different perspectives of the open thin-layer photobioreactor taken 
during the cultivation. 

To control and maintain ideal cultivation conditions, several sensors were used 
to monitor parameters such as thickness of the culture suspension on the platform, 
partial pressure of oxygen and carbon dioxide, pH, temperature, 
photosynthetically active photon flux density, water volume and water added, 
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and turbidity. The thickness of the suspension layer was kept at 8 mm by coupling 
an ultrasonic sensor to the pump via a proportional integral (PI) controller. 
During the day, pure CO2 was injected into the suction pipe of the cultivation 
circulating pump. Dissolved CO2 was measured just before the point of injection 
by means of a Severinghaus electrode (InPro®5000i, Mettler Toledo, Greifensee, 
Switzerland), which then regulated the supply of CO2 to a partial pressure of 10 
mbar via a PI controller. At night, no CO2 was supplied. Switching between day 
and night modes was based on local sunrise and sunset times. Oxygen partial 
pressure in the cultivation was measured with an optical sensor (InPro®6860i, 
Mettler Toledo). The pH of the algal suspension was measured with a pH 
electrode (InPro®3253i, Mettler Toledo), which also measured temperature. 
PAR (photosynthetically active radiation) was measured in terms of 
photosynthetically active ph 2 s 1) with two 
sensors (SKL2620, Skye Instruments Ltd., Powys, UK) placed above and below 
the glass platform. The number of photons absorbed was calculated as the 
difference between the measurements of both sensors. The volume of the 
circulating algal suspension was continuously monitored by means of a pressure 
sensor in the cultivation tank. Total volume in the reactor was 200 l and water 
loss by evaporation was balanced whenever the volume fell below 195 l. The 
volume of water that was added was measured by means of a water meter at the 
inlet pipe. 

The co-cultivation was started with equal numbers of both C. vulgaris and T. 
obliquus, with an initial concentration 106 cells per ml each and lasted 29 days. 
Water was supplied to the system from a storage tank (filled every two days with 
water from the RAS). After every refilling, concentrations of nitrate and 
phosphate, and salinity (conductivity, HQ40D, Hach Lange) were measured in 
the storage tank. Low concentrations of phosphate were consistently found, 
which is likely due to the fact that phosphate adsorbs to solids, which, in the RAS, 
are removed with a drum filter. It was therefore decided to supplement phosphate 
(as KH2PO4) to prevent phosphorous limitation of growth and, thus, to achieve a 
simultaneous depletion of both N and P in the cultivation. The supplied phosphate 
was dosed to achieve an N:P ratio close to an empirically derived optimal ratio 
for C. vulgaris (Brányiková et al., 2011). A single 100-ml sample was taken daily 
two hours after sunrise at the end of the platform. Biomass growth was monitored 
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daily via optical density (absorbance at 750 nm, following the above-mentioned 
procedure), dry weight (25-ml sample, HB43-S moisture analyser, Mettler 
Toledo) and cell density (following above-mentioned procedures), and 
continuously via turbidity (SOLITAX sc, Hach Lange). Abundance of bacteria 
and protozoa during the experiment was measured daily (following above-
mentioned procedures). Salinity (conductivity) was measured daily both in the 
circulating suspension and in the storage tank for RAS water. Biomass samples 
for CHN analysis were taken daily, beginning at day 5 and stored at -20 °C. After 
the experiment was stopped, biomass samples were thawed, dried at 105 °C for 
24 h and grinded with a ball mill. 100 mg of dried biomass were combusted at 
950 °C and analysed by means of infrared spectroscopy and thermal conductivity 
(TruSpec Macro Analyser, Leco Instruments Ltd., UK).  

3.3.3. Data analyses 

Data shown on graphs are average values, and error bars are the standard error of 
the mean (SEM). In some cases, data points and error bars were shifted to 
improve visibility in the graphs. The differences in growth (measured as cell 
density, optical density, and dry weight) between non-sterile and sterile cultures 
were calculated as the ratio of mean values in non-sterile and sterile cultures 
minus 1. Thus, positive values indicate better growth of non-sterile cultures and 
vice versa.  

 

Where required, values are expressed as mean ± SEM, from a four-fold 
replication of each culture experiment. To robustly test for correlations and 
differences, non- -test 
assuming unequal variances were used. To test for differences in bacterial 
numbers over the whole cultivation period analysis of variance was used (time 
and culture type as categorical factors).  

Growth rates were calculated as the maximum first derivative of a smoothing 
spline that was fitted to the data on optical density (as not enough data on cell 
density and dry weight were available). Productivity in the photobioreactor was 
calculated as the maximum first derivative of a spline fitted to dry weight data. 
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3.4 RESULTS AND DISCUSSION 

3.4.1. Growth of microalgae 

Laboratory scale cultivations confirmed that both microalgae, C. vulgaris and 
T. obliquus, were able to grow in aquaculture water (Figure 3. 4 A and B) as has 
been previously demonstrated in Chapter 2 and in other studies (Gao et al., 2016; 
Jung et al., 2017). Upon closer inspection, all cultivations showed a consistent 
pattern, where optical density was higher in non-sterile RAS water during the 
first days of cultivation, whereas optical density was higher in sterile RAS water 
in the second half of the experiment (Figure 3. 4 C). However, the actual 
differences that caused this pattern were subtle (below 10%) and none of the non-
sterile cultures showed a marked decay at any time during cultivation as has been 
observed in a previous study (Tejido-Nuñez et al., 2019). 
 

 
Figure 3. 4 Growth curves based on optical density (absorbance at 750 nm) of 

sterile (A), and non-sterile (B) laboratory-scale cultures (average values ± SEM, n 
= 4) and percent differences between them (C). 

Similar patterns were observed in cell density data (Figure 3. 5 A and B). Both 
species and their co-culture, in both sterile and non-sterile RAS water, exhibited 
exponential growth during the first third of the experiment and then entered a 
plateau phase at a similar time. In co-culture, it was possible to follow growth of 
both species individually, which, again, revealed similar growth patterns, albeit 
at lower densities than in monocultures. When sterile and non-sterile cultivations 
were compared, there were no marked differences between them (Figure 3. 5 C).  
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When grown in co-culture, the proportion of cells of C. vulgaris increased during 
the first half of the experiment, followed by a stable ratio of approximately 60-
70% cells of C. vulgaris and 30-40% cells of T. obliquus (Figure 3. 6). Again, no 
distinct differences were observed between cultivations in sterile and non-sterile 
RAS water. However, taking into account the results obtained from previous 
experimentations (Tejido-Nuñez et al., 2019), it was expected that in the presence 
of protozoa (grazers), T. obliquus became dominant in co-cultivations with C. 
vulgaris. This can be explained by taking into account the mono-cultivation 
results, in which both microalgae performed similarly. 
 

 
Figure 3. 5 Cell density evolution during laboratory scale sterile cultivations (A), 
non-sterile (B) and percent differences between them (C). Dashed lines represent 

individual counts of each microalgae in the co-cultivation. 

 
Figure 3. 6 Relative amount of each specie in non-sterile cultivations (coloured: 
green corresponds to C. vulgaris, orange to T. obliquus) and in sterile cultivations 
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(black line, T. obliquus is represented by the area above the line and C. vulgaris 
below the line). 

Taking into account dry weight results (Figure 3. 7), higher final values were 
obtained in mono-cultures of T. obliquus (6.38±0.67 g l-1 in non-sterile; 
7.52±0.11 g l-1 in sterile) followed by co-cultivations (6.12±0.07 g l-1 in non-
sterile; 6.17±0.06 g l-1 in sterile), and C. vulgaris cultivations (4.40±0.32 g l-1 in 
non-sterile; 5.09±0.08 g l-1 in sterile), even though cell density (cells ml-1) showed 
higher values for C. vulgaris (Figure 3. 5). This could be explained based on the 
typical size of these microalgae (Belcher and Swale, 1977; Liu et al., 2014), being 
T. obliquus bigger, same cell count could be related to a higher dry weight. 
Comparing with other studies also using water from aquaculture systems (Guo et 
al., 2013; Halfhide et al., 2014; Kuo et al., 2016) these values were considered 
high. In addition, final dry weight obtained in both sterile and non-sterile 
cultivations reached those obtained in mineral medium (4.34g l-1 with C. vulgaris 
at day 13 and 6.71 g l-1 with T. obliquus at day 18) in previous results (Tejido-
Nuñez et al., 2019), indicating the suitability of aquaculture water for microalgae 
cultivation along with nutrient removal and further valorisation.  

 
Figure 3. 7 Dry weight evolution during sterile (A) and non-sterile (B) laboratory scale 
cultivation, and percent differences between them (C). Data point are averages of four 

replicates and error bars are SEM. 

Maximum growth rates were obtained after two days of cultivation and were 
similar between sterile (0.131 d-1 in C. vulgaris cultivations; 0.156 d-1 in T. 
obliquus and 0.142 d-1 in co-cultivations) and non-sterile (0.138 d-1 in C. vulgaris 
cultivations; 0.160 d-1 in T. obliquus and 0.155 d-1 in co-cultivations), even 
though higher in non-sterile cultivations (also can be seen Figure 3. 4 C) which 
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could be due to a higher concentration of micronutrients in this medium as it had 
not been sterile-filtered. However, previous experimentation showed that sterile 
filtration had no discernible effect on micronutrients content. As growth rates 
have been calculated based on optical density (absorbance) it is difficult to 
compare it with other studies.  

A successful co-cultivation was carried out at pilot scale. Cultivation lasted 29 
days, treating a total of 1771 l of RAS water, achieving a final dry weight of 11.1 
g l-1 and observing no decay (Figure 3. 8 A and B).  

A) 

 

B) 

 
Figure 3. 8 Growth of microalgae during pilot scale cultivation measured by 

optical density (absorbance in A), turbidity (black line in B) and dry weight (points 
in B). Grey bars in B represents night hours. 

Photobioreactor design and configuration allows high density cultivation 
reaching up to 40 g l-1 using mineral medium (Doucha and Lívanský, 2006). 
Differences in final dry weight achieved could be due to a rapid decline of nitrate 
content in the cultivation in the first 5 days (supplementary material Figure S3), 
leading to an insufficient supply of nitrogen as will be explained in Nutrient 
removal section. Nevertheless, comparing with other studies at pilot scale using 
aquaculture water (Posadas et al., 2015) or same microalgae (Rugnini et al., 
2019), or growing in autotrophic mode (Deschênes et al., 2015), final dry weight 
achieved in the present study was higher thanks to the photobioreactor design. 
Another parameter of interest when upscaling microalgae-based water treatment 
technologies is the productivity achieved by the photobioreactor (Lopes da Silva 
and Reis, 2015). High productivities are desired, especially if biomass is to be 
valorised. Highest productivity achieved was 13.3 g m-2 d-1. Productivity peaks 
at day five (Figure 3. 9), afterwards it decreases until the end of the experiment. 
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Taking into account that cultivation seems to be nutrient limited from day five 
(as shown in Nutrient removal section), growth was not optimal. A similar effect 
was observed in a previous study (Egloff et al., 2018), which concluded that 
typical nutrient levels is RAS water were below the demand of the microalgae 
culture, and therefore RAS water can be fully treated to be reused, but with lower 
productivities comparing with cultivations with controlled nutrient supply or no 
dependant on evaporation for it (i.e. Doucha and Lívanský, 2006; Ren et al., 
2017; Romero-Villegas et al., 2018).  

 

 
Figure 3. 9 Productivities (solid line) obtained in pilot scale cultivation (dots are 

dry weight measurements presented in Figure 3. 8). 

Growth patterns observed varied depending on the measure used (optical density, 
cell density, dry weight, turbidity). While total cell density appeared to reach a 
plateau after approximately 10 days, biomass increase (Figure 3. 8), continued to 
the end of the experiment (albeit at a reduced rate after day 10). This is also 
reflected in the data of the C:N ratio of the biomass, were a sharp increase occurs 
until day 10, followed by a slow decline (Figure 3.17) yet still remaining at 
elevated levels (Egloff et al., 2018). Thus, day 10 possibly marks the occurrence 
of strong nutrient limitation (nitrate in the circulating water was depleted at day 
5) that affected growth. Throughout the experiment, the proportion of C. vulgaris 
in the co-culture declined, reaching approximately 10% after 29 days (Figure 3. 
10). This shift was not expected based on the results of the laboratory-scale 
experiment.  
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Figure 3. 10 Relative amount of each species (coloured areas) and total number 

of microalgae per ml (dotted line) in the pilot-scale cultivation. 

It has been shown previously that biomass productivity depends on sunlight if 
the PBR is operated with RAS water (Egloff et al., 2018): Sunlight correlates 
with water temperature in the PBR and, thus, influences evaporation. This, in 
turn, directly determines the amount of RAS water that is added to the PBR and 
therefore also the nutrients that are supplied. Because biomass growth is nutrient-
limited if nutrients are only supplied with RAS water, said dependency occurs. 
This was also observed here, as PAR correlated with temperature of the culture 
(Spearman rank correlation, p< 0.001) and temperature with evaporation 
(Spearman rank correlation p < 0.001). The dynamics of temperature and 
absorbed PAR during the experiment are shown on Figure 3. 11.  

A) 

 

B) 

 

Figure 3. 11 Data on pilot scale cultivation: (A) PAR absorbed during the course of 
the cultivation, (B) Evolution of temperature. 
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Water added dynamics, also dependant on PAR, are shown in Figure 3. 12 A, in 
which salinity is also plotted. A continuous increase in salinity is experienced 
due to evaporation. This did not affect the cultivation performance. pH dynamics 
showed the day-night shifts of CO2 injection, as shown in Figure 3. 12 B. Oxygen 
partial pressure was also monitored (Figure 3. 13), and no oxygen inhibition was 
likely to occur. All these dynamics were also in concordance with the results 
showed before. 

A)  

B)  

Figure 3. 12 Water added (black line) and conductivity in the cultivation (points) 
and in RAS water (diamonds) (A) and pH (B) evolution during the pilot scale 

cultivation. 
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Figure 3. 13 Oxygen evolution during the pilot scale cultivation. 

3.4.2. Presence of protozoa and bacteria 

Protozoa presence at laboratory scale was detected in non-sterile cultivations, 
as expected. The number of protozoa in mono-cultivations and co-cultivation 
increased during the course of the experimentation, reaching similar values 
(ANCOVA, p =0.21, F2,6 = 2.07) in both monocultures and the co-culture (Figure 
3. 14). An explanation about the growth patterns observed in co-cultivations 
could be elucidated comparing protozoa content with previous results (Tejido-
Nuñez et al., 2019). Maximum protozoa content reached in non-sterile co-
cultivation is 32-fold lower when comparing with the maximum protozoa 
achieved in C. vulgaris and T. obliquus previous cultivations, what could mean 
that the number of protozoa was not enough to affect C. vulgaris growth 
performance. This is an important insight, as it is not the sterilization per se the 
main factor that determines which microalgae species is better suited, it depends 
on the presence of protozoa and if the number of individuals per ml present is 
enough to affect microalgae performance, what will be species-dependent as how 
protozoa affects cultivations is (Day et al., 2017). If the presence of protozoa in 
wastewater has not effect on microalgae growth or can be controlled 
(Montemezzani et al., 2015) to remain below damaging levels, there is no need 
to sterilize the wastewater. These results obtained here and in a previous study 
(Tejido-Nuñez et al., 2019), both of which used water from the same RAS 
system, demonstrate that presence and identity of protozoa likely varies through 
time and, thus, cultivation success also. The term protozoa encompasses a wide 
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range of organism that are well known to vary in their preferred prey, with many 
targeting bacteria instead of microalgae (Lampert and Sommer, 2007). If bacteria 
compete with microalgae for nutrients, the effect of protozoa on microalgae 
might even be beneficial. 

As expected, initial bacterial concentrations in sterile cultivations were below the 
detection limit. However, bacteria density quickly increased and reached levels 
comparable to non-sterile cultivations (Figure 3. 14). Interestingly, after the first 
day, bacterial density in initially sterile cultivations depended on the type of 
cultivation applied, with cultures of C. vulgaris containing more bacteria than 
cultures of T. obliquus, and co-cultures in between (ANOVA, p < 0.001, F2,45 = 
127.4). Non-sterile cultures contained bacterial from the beginning, yet 
differences between cultures were much less pronounced (ANOVA, p = 0.009, 
F2,45 = 5.24). This could indicate that microalgae do influence the bacteria 
presence (e.g. by exudates that either benefit or harm bacteria), yet this effect is 
weak and overshadowed by the effect of protozoa, that prey on bacteria and/or 
microalgae. Presence of bacteria in cultivations was accepted because when 
scaling up microalgae treatments, biological contamination is an important issue 
(Lam et al., 2018) and maintaining axenic cultures in open systems is 
challenging.  

 

 
Figure 3. 14 Change in bacterial numbers during sterile (A) and non-sterile (B) 
laboratory cultivations. Number of protozoa in non-sterile cultivations (C). C. 

vulgaris cultivations in green, T. obliquus in orange and co-cultivations in black. 
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In pilot scale cultivation, protozoa and bacteria content also increased during 
the experiment (Figure 3. 15). Checking protozoa dynamics, three different 
sections could be distinguished on the graph: from day 0 to 12 in which average 
protozoa content was low (more than 400-times lower than previous results 
(Tejido-Nuñez et al., 2019)); from day 13 to 20 a protozoa content similar to 
laboratory scale experiments shown in the present study; and finally a similar 
presence (only 3-times lower) as in (Tejido-Nuñez et al., 2019) from day 14 to 
28. Relating these results with the growth patterns observed of both microalgae, 
it could be hypnotised that the observed decrease in C. vulgaris count during the 
experiment is linked to protozoa content. At the beginning of the cultivation 
protozoa presence was not enough to affect C. vulgaris growth. However, from 
day 12 onwards, protozoa average content increased from values similar to those 
obtained at laboratory scale (which did not affect microalgae growth) to values 
that have been previously demonstrated to affect C. vulgaris growth. As widely 
known, open pond systems are prone to contamination by zooplankton 
(Montemezzani et al., 2015) but thin layer cascade systems are less vulnerable 
than other type of reactors thanks to extremer operational biomass concentration 
achieved (Deruyck et al., 2019). In spite of this, protozoa content was able to 
decrease C. vulgaris content, although not affecting the total final cell density of 
microalgae. As maintaining a low level of grazers during microalgae cultivation 
is paramount to avoid pond crashes (Lam et al., 2018), in this type of 
photobioreactors  it could be managed by controlling the duration of the 
experiment, and restarting the cultivation once a suitable final dry weight is 
reached without compromising microalgae growth a cause of the presence of 
grazers. Also, managing CO2 addition to provoke zooplankton asphyxiation 
(Montemezzani et al., 2015). In addition, carrying out a long-term cultivation 
experiment could show dynamics between both microalgae, and give more 
information about microalgae successions and in which conditions each 
microalgae is better suited.  
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Figure 3. 15 Number of protozoa (open diamonds) and bacteria (closed points) in 

the pilot-scale cultivation. 

3.4.3. Nutrient removal  

All laboratory cultivations surpassed 98 % removal efficiency of nitrate and 99 
% removal efficiency of phosphate, pointing to the suitable composition of 
aquaculture wastewater to be treated with microalgae. Average nutrient removal 
efficiencies reached were 98.73±0.06 % and 99.46±0.04 % for nitrate and 
phosphate respectively. Nutrient removal efficiency obtained in the present 
study, was in line with previous results also using aquaculture water (Ansari et 
al., 2017; Guo et al., 2013; Halfhide et al., 2014; Kuo et al., 2016), even 
surpassing results obtained by us (Tejido-Nuñez et al., 2019). This could be 
related to the fact that protozoa presence did not affect microalgae performance, 
and thus a trade-off effect is unlikely to appear.  

Pilot scale cultivation showed that the rapid decline of nitrate content in the 
cultivations (Figure 3. 16) led to a lower final dry weight compared to other 
studies, as explained in Growth of microalgae section in this Chapter. This has 
been reported previously in (Egloff et al., 2018), in which microalgae diminished 
growth was likely due to an insufficient nutrient supply, rather than a RAS water 
inhibitory effect. Also, in the mentioned study, a higher final dry weight of 18.7 
g l-1 (compared with 11.1 g l-1 of the present study) was reached using T. obliquus 
and RAS water.  
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Figure 3. 16 Nitrate removal during pilot scale cultivation. Concentration of nitrate 
in the cultivation medium is represented by fine dots, influent concentration by 

points. Black line represents accumulative nitrate removal. 

Checking C:N ratio evolution during the experiment, it can be observed that in 
the beginning C:N ratio rapidly increased, and then slowly decreased (Figure 3. 
17). This could mean microalgae were growing faster than nitrate could be 
supplied, pointing to a nitrogen limitation. Additionally, the competition for 
nutrients between the two species cultivated, C. vulgaris and T. obliquus, could 
have contributed to this. Nevertheless, from day five, average nitrate removal 
efficiency was 98.6 ± 0.001 %, meaning that a final amount of 201.09 g of nitrate 
were removed (0.387 g day-1 m-2). This allowed concentrations lower than 3 mg 
NO3-N l-1 in the cultivation (supplementary material Figure S3), making water 
suitable for reuse in the RAS after microalgae separation (Bregnballe, 2015; Colt, 
2006) and also fulfilling nitrogen requirements for water discharge, as 
ammonium nitrogen is practically negligible (Colt, 2006; EEC, 1991). We note 
that the results obtained do not allow inferences about the limitation by other 
nutrients or their removal efficiency. However, at least for phosphate we expect 
that is removed as well, as its uptake is typically very efficient (as shown by the 
results from the laboratory-scale experiments and Chapter 2).Finally, comparing 
with other studies (Posadas et al., 2015; Rugnini et al., 2019) removal efficiency 
obtained was in line with them, even higher taking into account that this study 
was carried out with real water from the fish tank of a RAS.  
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Figure 3. 17 C:N ratio (solid line) of the microalgae biomass during the pilot-scale 

experiment. Percentages of elements (w/w) are shown for C (dotted line), N 
(dashed line) and H (dotdashed line, additional). 

3.5 SUMMARY 

In this Chapter it has been demonstrated that a microalgae co-cultivation could 
be used as a strategy to improve the robustness of the system. Moreover, co- 
cultivations were carried out successfully, as both microalgae, C. vulgaris and T. 
obliquus, were able to grow robustly and perform satisfactorily both in terms of 
biomass productivity and nutrient removal during prolonged periods of time 
without suffering crashes. None of the species was completely replaced, showing 
that successions could be beneficial to avoid crashes. Although protozoa were 
detected in both, laboratory and pilot scale cultivations, their effect was scale-
dependent. It was assumed that the number of protozoa present in the 
cultivations, determined to what degree they were affected and the relative 
amount of each specie. Nutrient removal reached is enough to recirculate water 
to the RAS with a previous separation step, however as a nutrient limitation 
occurs, higher biomass productivities could be achieved if more evaporation 
occurs. 
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4.1 ABSTRACT 

In this Chapter, a review of the already developed mathematical models for 
microalgae processes simulation is presented. Amongst all models already 
developed, only a few number are integrated models although the integration of 
microalgae-based processes in plant wide models is paramount for spreading its 
implementation at full-scale. As a result of that, the implementation of a 
microalgae model in the already existing Plat Wide Model library (PWM) 
developed at Ceit is proposed in this Chapter. An overview of this Chapter is 
shown in Figure 4. 1.  

 

Figure 4. 1 Graphical Abstract of Chapter 4 

4.2 INTRODUCTION 

The importance of microalgae in wastewater treatment is growing nowadays. 
This is clearly reflected by the number of publications that can be found on one 
of the main scientific search engines (Science Direct), when microalgae and 
wastewater terms are searched together: Increasing from 22 publications in 2000 
to 1108 in 2018 or 1480 in 2019 (data from October 2019). This increasing 
interest has been reflected by other authors (Garrido-Cardenas et al., 2018; 
Gonçalves et al., 2017).  

As can be inferred, microalgae-based wastewater treatment processes have been 
widely studied in literature (Cuellar-Bermudez et al., 2017; Gonçalves et al., 
2017; Guldhe et al., 2017b; Wang et al., 2017). However, its implementation at 
higher scales is still in an early stage due to the multiples and possible 
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combinations of systems and microalgae consortia (microalgae and microalgae-
bacteria) (Gonçalves et al., 2017). In order to overcome this limitation, 
mathematical modelling and simulation emerges as a helping tool for the 
implementation of these processes in wastewater treatment plants (WWTP) and 
water resource recovery facilities (WRRF). Modelling and simulation of 
microalgae-based processes allows the exploration and comparison of different 
scenarios within the same WWTP and acts as a tool that facilitates decision-
making processes on the implementation of these technologies. In addition, 
microalgae-based processes are presented as an alternative to transform WWTP 
into WRRF (Shoener et al., 2019). Microalgae biomass is able to remove nitrogen 
and phosphorous from water, along with carbon dioxide or organic matter 
(Alcántara et al., 2015), being proposed as substitute of conventional processes 
such as activated sludge or nitrification-denitrification, or as a complementary 
technology in WWTPs. Additionally, microalgae could be used as a method to 
upgrade biogas produced in anaerobic digestion (Rodero et al., 2019). All this 
features, together with its valorisation into valuable products like volatile fatty 
acids (VFAs) via fermentation (Jankowska et al., 2017a), biofuel (Mata et al., 
2010) or biogas via anaerobic digestion (Gonzalez-Fernandez et al., 2018; 
Jankowska et al., 2017b) make this proposed process as a suitable technology to 
be developed. 

4.3 STATE OF THE ART OF MICROALGAE MODELLING 

Mathematical models have been developed including different approaches such 
as growth models, nutrient and carbon uptake and storages, light regimens, 
bacterial interactions or physio-chemical processes (Casagli et al., 2019; 
Decostere et al., 2016; Eze et al., 2018; Mairet et al., 2011; Sah et al., 2011; 
Solimeno et al., 2019, 2017; Wágner et al., 2016; Wolf et al., 2007; Zambrano et 
al., 2016). A chronological review of the main relevant models in wastewater 
treatment field is presented below and in Table 4. 1.  

River Water Quality Model (Reichert et al., 2001): RWQM1 was developed by 
the IWA Task Group on River Water Quality Modelling for the main purpose of 
its application in water quality management, although it is widely used as a 
reference for microalgae processes modelling. One of the main characteristics of 
this model is being based on mass balance, and thus ensures mass continuity. It 
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includes microalgae and bacteria processes, as well as consumers (algae, bacteria 
and particulate organic matter grazers). Processes and component definitions 
follow ASM format. In addition, the elementary composition of the components 
is done based on C, H, N, O and P.  

PHOBIA Model (Wolf et al., 2007): developed by Delft University of 
Technology, its main purpose is biofilm modelling including photoautotrophic, 
heterotrophic and chemoautotrophic microbial groups. Following an approach 
similar to AMS1 (Henze et al., 2000) and RWQM1 (Reichert et al., 2001) , it also 
includes mechanisms specific to phototrophic communities (i.e. internal 
polyglucose storage under dynamic light conditions, phototrophic growth in the 
darkness using internally stored reserves, photoadaptation and photoinhibition) 
that are relevant in biofilm processes.  

(Sah et al., 2011): This model was developed by UNESCO-IHE 
Institute for Water Education, with the aim to simulate wastewater treatment in 
facultative ponds. Taking into account ASM2 (Henze et al., 2000) for aerobic 
and anoxic processes, CWM1 (Langergraber et al., 2009) for anaerobic processes 
and RWQM1 (Reichert et al., 2001) for microalgae processes, makes it a very 

 

(Zambrano et al., 2016): this is a simplified model for 
describing the growth of microalgae and bacteria (only nitrifiers) consortium, 
that is based in ASM1 (Henze et al., 2000) and in the first approach of 
BIO_ALGAE (Solimeno et al., 2015).  

ASM-A (Wágner et al., 2016): developed at the Technical University of 
Denmark, this model is conceived as an ASM2d (Henze et al., 2000) extension, 
including only processes related to microalgae (photoautotrophic and 
heterotrophic, and the storage of compounds).  

BIO_ALGAE and BIO_ALGAE 2 (Solimeno et al., 2019, 2017): One of the 
most complete models developed at the present time, it is also based in RWQM1 
(Reichert et al., 2001) and in ASM3 (Henze et al., 2000). This model includes 
bacteria processes based on ASM3 and adapts microalgae processes from 
RWQM1. An extension of this model has been proposed, BIO_ALGAE 2, with 
the aim of improve the previous version in terms of pH, temperature and 
dissolved oxygen considerations.  
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ALBA (Casagli et al., 2019): This model was presented during the IWA 
Conference on Algal Technologies and Stabilization Ponds for Wastewater 
Treatment and Resource Recovery IWAlgae2019, and has not been published 
yet. As a main approach, it uses as references the above-mentioned models.  

Relevant characteristics of these models are reviewed in Table 4. 1: a comparison 
of the number of components, biological and physio-chemical processes included 
in the model, giving an idea of the scope of the model; bacteria populations 
included; microalgae growth definition; and additional processes of interest when 
modelling microalgae, such as pH simulation, gas transfers or temperature 
consideration.  

Microalgae processes could be distinguished in two blocks: those models 
following RWQM1 description, and models accounting for internal storage of 
compounds (ASM-A). Although following RWQM1, some models have adapted 
processes (such as decay) in order to simplify the model, following ASM1 
guidelines. Growth rates dependence includes nitrogen (N), phosphorus (P), 
oxygen (O), carbon (C), temperature and light, and their consideration varies 
from one model to other, being the most complete BIO_ALGAE model. Most 
models reproduce phototrophic metabolism of microalgae, and only ASM-A 
considers heterotrophic and mixotrophic growth. Therefore, light penetration and 
growth depending on light is also included in all models, using different 
descriptions.  

Generally, bacteria processes in these models follows ASM series structures, 

methanogenic, fermenting and sulphate reducing bacteria. On the other hand, 

includes heterotrophs and nitrifiers, ASM-A model does not include itself 
bacteria processes but could be coupled to ASM2d. Although complete, none of 
them (including RWQM1, BIO_ALGAE and ALBA models) includes 
polyphosphate-accumulating organisms (PAO) and anaerobic processes. 
Growth, endogenous respiration, decay and the parameters used on each process 
are based on the ASM model from which they were derived.  

Physio-chemical processes are of great interest when modelling microalgae, a 
thus must be included while formulating the model. As in all biological 
processes, temperature has a great influence, and it is considered in RWQM1, 
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-A, BIO_ALGAE and ALBA models. pH changing conditions 
are also of interest, but only a few models include pH estimations (RWQM1, 
PHOBIA, BIO_ALGAE and ALBA), and only one includes pH dependence of 
microalgae growth (BIO_ALGAE 2). Additionally, gas transfer correct 
description is also paramount (i.e. as CO2 produced by bacteria could be 
consumed by microalgae, and O2 produced by microalgae consumed by bacteria), 
and ALBA model is the most complete, even including evaporation.   

application as they have been developed for specific purposes (river modelling, 
biofilm description and secondary facultative ponds modelling, respectively). On 

well developed and enough complex to describe bacteria and microalgae 
processes, ASM-A model takes into account microalgae growth in nutrient 
deplete conditions thanks to the internal cell quota, but in wastewater treatment 
there is no need to develop such a complex model as nutrient replete conditions 
are expected. BIO_ALGAE model is enough complete and complex to accurately 
simulate microalgae processes in wastewater treatment and has an extension 
which better describes microalgae and bacteria performance depending on pH, 
temperature and oxygen, BIO_ALGAE 2, but it can come with a higher 
calibration and simulation cost. ALBA model is also a complete model, but it has 
not been published, and not all information is available.  

In addition to wastewater treatment models, some authors (Mairet et al., 2011; 
Passos et al., 2015) have also proposed the modification of existing anaerobic 
digestion models, ADM1 (Batstone et al., 2002), to include microalgae 
biomasses.  

None of these models poses a complete and holistic approach to a global 
integration in the total simulation of a WWTP, although it is widely known that 
the impact of each of the WWTP processes and their optimization should be done 
in the overall set (Fernández-Arévalo et al., 2017b). Only a lower number of the 
already developed models are integrated models (Solimeno and García, 2017), 
taking into account bacterial processes but not the whole plant wide simulation. 
The integration of microalgae-based processes in plant wide models is paramount 
for its fully development, but it is important to highlight that developing new 
state variables and processes is necessary (Shoener et al., 2019). 
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Under this framework, the Plant-Wide Modelling (PWM) methodology 
developed at Ceit (de Gracia et al., 2009; Fernández-Arévalo et al., 2017a, 2014; 
Grau et al., 2007; Lizarralde et al., 2019, 2018, 2015) allows the description of 
the dynamic behaviour of the water and sludge lines in WWTP (and WRRF) in 
an integrated way. PWM was proposed with the aim of allowing a systematic 
construction of compatible models and it is based on the selection of the set 
process transformations required to model all unit-process elements incorporated 
into each specific WWTP. In this context, it is proposed an extension of this 
library, to include microalgae-based processes in their basic conception 
(phototrophic microalgae). In this regard, PWM methodology allows an accurate 
estimation of pH and physio-chemical transformations, a detailed description of 
liquid-gas transfers, and also ensures the elemental mass (in terms of C,N,O,H,P 
and additional elements), charge and energy continuity in all transformations 
based on the principles described in traditional models (ASM models, ADM1 
and RWQM1). These features are paramount when modelling microalgae and 
microalgae-bacteria interactions. 

A review of the proposed model can be found in Table 4. 1, along with all models 
above described.  
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Table 4. 1 General features comparison of integrated mechanistic microalgae-
bacteria models. n.a: not available.  
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4.4 PLANT WIDE MODEL LIBRARY 

Before the definition of the new model components and transformations related 
to microalgae processes to be implemented in PWM library, a brief description 
of the modelling tool, PWM, is presented below.  

PWM methodology was first developed by Grau et al., 2007 and expanded 
onward to include anaerobic processes (de Gracia et al., 2009), thermal energy 
calculations (Fernández-Arévalo et al., 2014), chemical and physio-chemical 
processes (Lizarralde et al., 2015) and cost estimations (Fernández-Arévalo, 
2016). The aim of this methodology is the systematic construction of compatible 
unit-process models for describing the dynamic behaviour of the water and 
sludge lines in an integrated way. This methodology is based on a 
transformation-based

transformers to interface the resulting unit process models, facilitating mass and 
charge continuity. It is worth to highlight the advantages related to computational 
simulations, allowing the construction of tailored PWMs simple or complex 
when necessary.  

PWM library compiles all this information and arranges it in a simply and 
organised manner based on categories and unit-process models (Figure 4. 2), 
allowing the selection of those that are of interest for the case study under 
development. The next steps (Fernández-Arévalo et al., 2017b) are followed for 
the construction of the model, and once they are selected, the model is established 
and ready to be used:  

1. Selection of the categories or transformation list: Different categories compile 
all the components and transformations into different packages, depending on 
the biological, chemical and physio-chemical transformations needed. This 
list of compatible transformations is done assuring a realistic component 
characterization, with constant elemental mass fractions and constant 
stoichiometric values in order to avoid uncertainties caused by using 
interfaces. In order to ensure the elemental mass, charge and energy continuity 
through the whole WWTP, it is needed an accurate definition of the 
stoichiometry as well as the enthalpies of formation (Fernández-Arévalo et 
al., 2017b, 2014). The accurate definition of the stoichiometry ensures the 
elemental mass (in terms of C, N, O, H, P and additional elements) and charge 
continuity in all the transformations. In order to achieve this, some 
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components must act as source-sink terms for the correct adjustment of the C, 
N, O, H, P and charge balances (de Gracia et al., 2009; Reichert et al., 2001). 
For the unification and standardisation of the biochemical, chemical and 
physio-chemical transformations, the incorporation of activation/ inhibition 
terms in the kinetics must be accurate, in order to reproduce the appropriate 
bacterial activity under aerobic, anoxic and anaerobic conditions. It is 
important to note that this library was constructed adapting and re-writing 
existing models (Batstone et al., 2002; Hao et al., 2002b, 2002a; Hellinga et 
al., 1999; Henze et al., 2000).  
 

2. Selection of the unit-process models: Selection of the tank reactors, settlers, 
etc... to be used in order to define the mass and heat transport depending on 
the phases considered in the unit-processes selected. Each unit process model 
includes the mathematical description of the mass transport and heat balance 
for each phase involved (liquid, gaseous, and solid). 
 

3. Selection of the actuators, specific energy ratios and dosage cost models if a 
cost-estimation is to be done. This has been done based on engineering 
expressions, so they are standardized and interchangeably in each category.  

All this features allows the library to be continuously updated. A complete 
description of the PWM library could be found in Appendix B, along with the 
specifications of state-variables to ensure mass and charge continuity in the 
model, and a complete list of the component vector and transformations 
(stoichiometry and kinetics). An overview of the different categories, unit-
process models, cost models and support models is presented in Figure 4. 2.  
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Figure 4. 2 Schematic representation of the PWM library, updated from 
(Fernández-Arévalo et al., 2017b) 

4.5 NEW PLANT WIDE MODEL CATEGORY  

The new category developed gathers all components and transformations able to 
describe dynamically aerobic, anoxic and anaerobic chemical oxygen demand 
(COD) biodegradation, biological two step nitrogen (N) removal, and chemical 
and biological phosphorous (P) removal at low and high temperatures (thermal 
hydrolysis reactions), in addition to microalgae-related biochemical processes. It 
has been named: C2NP_AnD_ALG (Figure 4. 2). This category includes all 
transformations in C2NP_AnD category and ads new model components and 
transformations in order to cover microalgae processes. A complete description 
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of the PWM library could be found in Appendix B, in which each model 
component and transformations are explained and listed. The novelty of this 
category also resides in the liquid-gas transference model used, a multiphase 
model considering two gas phases: the off-gas phase representing the gas phase 
in contact with the free surface of the reactor and the gas hold-up, representing 
the gas phase physically contained in the aqueous phase. This was developed in 
(Lizarralde et al., 2015) and explained in (Lizarralde, 2015) and its main use in 
the present model is for CO2 transference. 

4.5.1. Definition of the new model components and transformations  

4.5.1.1. Model components  

Two new model components have been defined: 

XALG: microalgae biomass, it represents the amount of microalgae in terms of g 
COD. The stoichiometric formula of this component is based on RWQM1 
definition in terms of its elemental fraction ( C N P H O], procedure 
explained in Appendix B), resulting in C10.5H24.9O11N1.52P0.11, in line with other 
studies (Ebeling et al., 2006).  

XCALG: decay complex from microalgae biomass. XCALG component is considered 
composed mainly of its origin biomass, therefore the stoichiometric formula has 
been assumed to be equal to XALG. None of the above mentioned models include 
a decay complex derived from microalgae. In this model it is has been considered 
as a step prior to microalgae disintegration and hydrolysis, following PWM 
bacterial formulation. 

In addition, the remaining model components are listed in Appendix B, 
Component Vector.  

4.5.1.2. Transformations 

A summary of microalgae transformation is shown in Figure 4. 3. Those 
comprise microalgae growth, decay, disintegration and hydrolysis of microalgae 
biomass decay complex, and can be found also in Appendix B, Transformation 
list.  
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Figure 4. 3 Microalgae transformations included in C2NP_AnD_ALG category. 

4.5.1.2.1. Growth of XALG  

Phototrophic growth of microalgae is considered as a first approach of the model. 
Growth of microalgae (Figure 4. 3) occurs using as a substrate nitrogen 
(ammonia, SNH4+ and ammonium SNH3 or nitrate SNO3), and phosphorous 
(phosphates, SH2PO4, SHPO4= and SPO4-3) (Reichert et al., 2001), in addition to 
carbon, (carbon dioxide, SCO2, and bicarbonate SHCO3-) (Zambrano et al., 2016), 
and light (Wu and Merchuk, 2001). Microalgae could be inhibited by the 
presence of excess CO2 (Silva and Pirt, 1984) and O2 (Solimeno et al., 2015). 
This is reflected while modelling by the use of activation/inhibition terms, 
following PWM methodology.  

These transformations are modelled in two sub-transformations, ammonia and 
phosphorous phototrophic microalgae growth and nitrate and phosphorous 
phototrophic microalgae growth. Ammonia growth is preferred over nitrate 
growth (Mostert and Grobbelaar, 1987).  

Ammonia and phosphorous phototrophic microalgae growth 

Growth of microalgae over ammonia-ammonium and phosphates is represented 
by the kinetic vector described in Equation (1):  

 

Eq.(1) 
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This kinetic vector is formed by a series of common factors that are described 
below.  

- Maximum growth rate depending on temperature, km,XALG(T=2  C), Eq.(2): 
Maximum growth rate, Km,XALG (Reichert et al., 2001), is multiplied by a 
thermal factor that modifies its value based on temperature. The thermal 
factor has been adapted from RWQM1 to follow PWM structures.  

  Eq.(2) 

- Light factor, fL,I, Eq.(3): The light factor gathers the effect of light intensity 
on microalgae growth. This factor is based on PSF (photosynthetic factories) 
model (Eilers and Peeters, 1988), that developed an analytical function 
describing the relation between light intensity and microalgae production 
rate. PSF model stated that microalgae exist in three different states: resting, 
activated and inhibited, changing from one state to another by the hitting of 
light or the absence of it. Resting state consider that microalgae can capture 
light (photon) to turn to activated state. If no light is supplied after that, 
activated state can change to resting state. If microalgae captures more light 
(photon), it can turn into inhibited state, changing to resting state with a 
recovery rate. PSF model has been adapted by (Solimeno et al., 2015) 
assuming that the equilibrium between resting and activated state is reached 
rapidly as the variation of the light intensity during the day is slow. This 
adaptation is used in the present model, giving Eq.(3), that takes into account 
average incident light (Iav, µmol m-2 s-1 or µE m-2 s-1, Eq(5)), the activation 
parameter ( ALG, (µE m-2)-1 ), the inhibition parameter ( ALG, (µE m-2)-1 ), the 
production parameter ( ALG, s-1 ) and the recovery parameter ( ALG, s-1 ).  

   Eq.(3) 

Average incident light is calculated based on the light attenuation factor, that 
was adapted from Lambert-Beer law in (Solimeno et al., 2017). It takes into 
account the pond depth (dALG), calculated dynamically from the volume and 
the area of the tank Eq.(4), incident light (I0, µmol m-2 s-1), KLF (extinction 
coefficient for particulate biomass, m2 g-1) and TSS (all particulate 
components, denominated with an X that are found in Appendix B, 
Component Vector, in terms of gTSS m-3). 
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  Eq.(4) 

 Eq.(5) 

- Photorespiration factor, fPR,SO2, Eq.(7): This factor takes into account the 
photosynthesis inhibition by the presence of high amounts of oxygen and 
has been explained and used firstly in (Solimeno et al., 2015). It takes into 
account the saturation concentration of the oxygen in the air, (SO2

SAT), 
concentration of oxygen in the medium (CSO2), the photorespiration 
inhibition constant (KPR,ALG) and the coefficient of excess oxygen 
(KSO2,SAT,exc).  

Eq.(6)

- Activation terms, A: Activation terms related to nitrogen Eq.(7) and 
phosphorous Eq.(8) have been adapted from RWQM1 to follow PWM 
methodology. These terms comprise nitrogen (CS,IN=CS,NH4+ + CSNH3) and 
phosphorous (CS,IP= CSPO4-3 + CSHPO4= + CSH2PO4) concentrations and its 
respective saturation coefficients (KN,ALG and KP,ALG). Carbon dioxide 
activation term Eq.(9), includes an inhibition constant (ICO2,ALG) (Solimeno 
et al., 2015), apart from carbon concentrations (CSCO2, CSHCO3-) and the 
saturation coefficient (KC,ALG) from RWQM1.  

 Eq.(7) 

 Eq.(8) 

 Eq.(9) 

- Finally, the kinetic vector is multiplied by the concentration of microalgae 
present, MXALG (g m-3) 

Nitrate and phosphorous phototrophic microalgae growth 

Growth of microalgae over nitrate and phosphates is represented by the kinetic 
vector described in Equation (10): 
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    Eq.(10) 

This kinetic vector is formed by a series of common factors that are already 
described, and in addition to those factors, these are included: 

- Activation terms, A: Activation term related to nitrate, Eq.(11), has been 
adapted from RWQM1 to follow PWM methodology. This term comprises 
nitrate concertation (CS,NO3-) and nitrogen saturation coefficient (KN,ALG). 

 Eq.(11) 

- Inhibition term, I: This term, Eq.(12), represents the preference for 
ammonia-ammonium over nitrate, and comprises the nitrogen saturation 
coefficient (KN,ALG) and nitrogen concentration (CS,IN=CS,NH4+ + CSNH3). 

 Eq.(12) 

4.5.1.2.2. Decay of XALG  

Microalgae decay is modelled with a first-order kinetic, similar to that of bacteria 
included in PWM library (Appendix B). The kinetic vector representing this 
process is as follows, and it has been adapted from RWQM1: 

 Eq.(13) 

This kinetic vector is formed by the multiplication of the concentration of 
microalgae present, MXALG (g m-3), by the maximum decay rate.  

- Maximum decay rate depending on temperature, kdec,XALG, Eq.(14): 
Maximum decay rate, Kdec,XALG (Reichert et al., 2001), is multiplied by a 
thermal factor that modifies its value based on temperature. The thermal 
factor has been adapted from RWQM1 to follow PWM structures. Tw 
corresponds to water temperature.  

 Eq.(14) 

4.5.1.2.3. Disintegration and hydrolysis of microalgae biomass decay 
complex  

Disintegration of the decay complex produced by microalgae growth is modelled 
equal to bacteria decay complex (XC2, Appendix B), following PWM 
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methodology. It gives the next kinetic vectors, once per condition (aerobic, 
anoxic and anaerobic): 

 

 Eq.(15) 

 

 Eq.(16) 

 

 Eq.(17) 

These kinetic vectors are formed by the multiplication of the concentration of 
microalgae present, MXALG (g m-3), the maximum disintegration rate and the 
activation/inactivation terms.  

- Maximum disintegration rate depending on temperature of the 
disintegrations occurring during aerobic, anoxic and anaerobic conditions. 
All of them depends on a disintegration constant (kdis,AER,XCALG(T=20°C), 
kdis,ANOX,XCALG(T=20°C), kdis,ANAER,XCALG(T=20°C)) and a thermal factor  

dis,AER,XCALG(T=20°C),  dis,ANOX,XCALG(T=20°C),  dis,ANAER,XCALG(T=20°C)) acquired 
from bacteria modelling.  

 

 Eq.(18) 

 Eq.(19) 

 Eq.(20) 

- Activation (A) and inhibition (I) terms: These terms are necessary to 
activate/deactivate each reaction so that it only takes place under the 
corresponding conditions. These terms are related to the presence of oxygen 
(AO2 and IO2), inorganic carbon species (AIC), ammonia-ammonium (AIN), 
nitrate and nitrite (ANOX and INOX) and phosphates species (AIP), and are 
presented in Appendix B.  

These kinetic vectors, activation and inhibition terms along with the 
stoichiometry and parameter values are also described in Appendix B, in addition 
to all transformations included in C2NP_AnD_ALG PWM category.  
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4.6 SUMMARY 

An extension of PWM library has been proposed to address the nowadays 
challenge of transforming wastewater into a sustainable source of energy and 
resources. This has been achieved by incorporating a new category that allows 
microalgae-based processes simulation into a WWTP. In order to be fully used 
in plant wide simulations, a correct calibration of the model should be carried 
out.  
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5.1 ABSTRACT 

The main purpose of this Chapter is the calibration of the implemented 
microalgae model. This is done with the aim of having a model ready to be 
verified under other conditions for its use in microalgae processes simulation 
being part of a WWTP. In order to carry out this, pilot scale experiments from 
Chapter 3 and additional information from Chapter 2, were used. 

In order to analyse the capacity of the model to reproduce and predict results of 
a microalgae-based technology, the simulation of the behaviour of an open thin-
layer photobioreactor has been done. The verification of the model consisted in 
the comparison of simulation results obtained using the developed model with 
the experimental data obtained from the open thin-layer photobioreactor at pilot 
scale presented in Chapter 3. An overview of this Chapter is shown in Figure 5. 1. 

 
Figure 5. 1 Graphical Abstract of Chapter 5 

5.2 DESCRIPTION OF THE PILOT PLANT AND 
EXPERIMENTAL SITUATION 

The open thin-layer photobioreactor described in Chapter 3, was composed of 
two inclined lanes with a total surface area of 18 m2, through which circulated a 
total of 200 litres of culture medium. It was installed in a foliar greenhouse in 
Wädenswil, Switzerland, and was constructed by BCS Engineering A.S. 
Wastewater treated came from the RAS located in the same greenhouse. 
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Specifically, the water was collected from the fish tank, stored in an intermediate 
tank and, from this tank, it was pumped into the system whenever the volume of 
200 l fell below 195 l due to evaporation. Therefore, this system does not have a 
water effluent. Carbon dioxide was injected in the system during the day and 
regulated via a PI controller to a partial pressure of 10 mbar (14.98 g m3). 
Phosphate was added to the system to avoid a growth limitation. Carbon dioxide 
(mbar), pH, temperature and incident PAR were continuously monitored, and a 
daily measurement of nitrate and dry weight (corresponding to total suspended 
solids) were also carried out. A detailed explanation on how the photobioreactor 
was set up is found in Chapter 3.  

In the 28-day period used for the model verification, the photobioreactor was 
operated as semi-batch, as no effluent was extracted from the system, but a total 
of 1771 l were added to compensate evaporation. Data used for calibration of the 
model corresponds to: Table 2. 1, wastewater general characterization; Figure 3. 
16, nitrate dynamic content of the wastewater and nitrate content of the 
cultivation; Figure 3. 11 B, temperature of the water; incident PAR monitored in 
the photobioreactor; Figure 3. 8 B, microalgae biomass growth; and Figure 3. 12 
B, pH.  

5.3 CONSTRUCTION OF THE MODEL IN THE 
SIMULATION PLATFORM 

The open thin-layer photobioreactor was simulated using the WEST simulation 
platform (www.mikebtdhi.com) and the Ceit PWM library developed in Chapter 
4, consequently using C2NP_AnD_ALG category.  

5.3.1. Influent characterisation 

In order to carry out a correct simulation, it is paramount to perform a correct 
influent water characterization. Characterization of the influent consists in 
transforming the already available analytical information into model 
components. Methodology used for influent characterization has been already 
presented in (Fernández-Arévalo, 2016), and it is adapted in the present Thesis 
for this case study.  
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To characterize the influent used, it was established a series of relationships 
between analytical measurements and concentrations of the model components. 
Analytical measurements should be as complete as possible, but most of the time, 
this could not be achieved as model development and validation are done once 
the experimental phases have ended. In this case, bibliography data and observed 
relations in previous experimentations are considered. In this Chapter, it has been 
adapted the available measurements presented in Chapter 2 and 3. Nevertheless, 
supplementary information about the characteristics of the water is often needed 
to complement the experimental data.  

Table 5.1 presents the expressions used for characterization of the water in terms 
of model components. Liquid phase components are only presented, as gas and 
solid phase are null. These expressions ensure mass, charge and total solids 
continuity throughout the characterization. Parameters used are found in 
Appendix B.   

Table 5. 1 PWM components characterization 

No. 
(i) 

Name Unit Description Origin 

1 SH2O gH2O Influent flow, Qw,in I  
2 SO2 gO2 m- Oxygen saturation in water I 
3 SH+ gH m-3 10-(pH)·1000 C.E 
4 SOH- gH m-3 Ka,H2O·1000000·(SH+)-1 C.E 
5 SH2PO4- gP m-3 (SH+)2·(SPO43-)·(Ka,IP· Ka2,IP·1000000)-1 C.E 
6 SHPO4= gP m-3 SH+·SPO43-·(Ka2,IP·1000)-1 C.E 
7 SPO4-3 gP m-3 PT-( )·(1+(SH+)3·(Ka2,IP

2·Ka,IP·109)-1)-1 C 

8 SNH4+ gN m-3 NT· N-NH4/NT C 
9 SNH3 gN m-3 SNH4+·(1+(SH+·(Ka,IN·1000)-1)) C.E 
10 SCO2 gC m-3 SH+·SHCO3-·(Ka,IC·1000)-1 C.E 
11 SHCO3- gC m-3 (SALK+ SH+- SOH-)·12 C.E 
12 SCO3= gC m-3 Ka2,IC·1000·SHCO3-·(SH+)-1 C.E 
13 SCa+2 gCa m- Calcium ion I 
14 SMg+2 gMg Magnesium ion I 
15 SK+ gK m-3 Potassium ion I 
16 SSU gCOD CODT·(1-CODP/CODT)·SS/CODS·SSU/SS C 
17 SAA gCOD CODT·(1-CODP/CODT)·SS/CODS·SAA/SS C 
18 SFA gCOD CODT·(1-CODP/CODT)·SS/CODS·SFA/SS C 
19 SHVA gCOD SH+·SVA-·(Ka,HVA·1000)-1 C.E 
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No. 
(i) 

Name Unit Description Origin 

20 SVA- gCOD 
m-3 

CODT·(1-CODP/CODT)·VFA/CODS (Ka,HVA·1000) 
(SH++Ka,HVA·1000)-1 

C 

21 SHBU gCOD SH+·SBU-·(Ka,HBU·1000)-1 C.E 
22 SBU- gCOD 

m-3 
CODT·(1-CODP/CODT)·VFA/CODS (Ka,HBU·1000) 
(SH++Ka,HBU·1000)-1 

C 

23 SHPRO gCOD SH+·SPRO-·(Ka,HPRO·1000)-1 C.E 
24 SPRO- gCOD 

m-3 
CODT·(1-CODP/CODT)·VFA/CODS (Ka,HPRO·1000) 
(SH++Ka,HPRO·1000)-1 

C 

25 SHAC gCOD SH+·SAC-·(Ka,HAC·1000)-1 C.E 
26 SAC- gCOD 

m-3 
CODT·(1-CODP/CODT)·VFA/CODS (Ka,HAC·1000) 
(SH++Ka,HAC·1000)-1 

C 

27 SH2 gCOD 0.00 A 
28 SCH4 gCOD 0.00 A 
29 SN2 gN m-3 0.00 A 
30 SNO2

- gN m-3 N-NO2/NT· NT C 
31 SHNO2 gN m-3 0.00 A 
32 SNO3

- gN m-3 N-NO3/NT· NT I 
33 SI gCOD CODT·(1-CODP/CODT)·SI/CODS A 
34 SP gCOD 0.00 A 
35 SFe+3 gFe m- Iron (III) ion I 
36 SCl- gCl m- Chloride ion I 
37 XC1 gCOD 0.00 A 
38 XC2 gCOD 0.00 A 
39 XCH gCOD CODT·CODP/CODT·XS/CODP· XCH/XS C 
40 XPR gCOD CODT·CODP/CODT·XS/CODP· XPR/XS C 
41 XLI gCOD CODT·CODP/CODT·XS/CODP· XLI/XS C 
42 XH gCOD CODT·CODP/CODT·XH/CODP A 
44 XAOB gCOD 0.00 A 
45 XNOB gCOD 0.00 A 
46 XPAO gCOD 0.00 A 
47 XPHA gCOD 0.00 A 
48 XSU gCOD 0.00 A 
49 XAA gCOD 0.00 A 
50 XFA gCOD 0.00 A 
51 XC4 gCOD 0.00 A 
52 XPRO gCOD 0.00 A 
53 XAC gCOD 0.00 A 
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No. 
(i) 

Name Unit Description Origin 

54 XH2 gCOD 0.00 A 
55 XAN gCOD 0.00 A 
56 XI gCOD CODT·CODP/CODT·XI/CODP A 
57 XP gCOD 0.00 A 
58 XII gSS m- TSS-VSS A 
59 XPP gP m-3 0.00 A 
60 XALG gCOD 0.00 I 
61 XCALG gCOD 

3

0.00 I 

*I: Input; C.E: Chemical equilibria; C: Calculated; A: Assumed 

In order to obtain these values, it was accepted the next relations taken into 
account previous experiences in the same system (Bohny, 2018; Egloff et al., 
2018), bibliography (Ansari et al., 2017; Barnharst et al., 2018; Gao et al., 2016; 
Halfhide et al., 2014) and typical values for wastewater (Fernández-Arévalo, 
2016): 

 The relation between total phosphorous, PT, and phosphates, P-PO4, is P-
PO4/ PT=0.99 as negligible organic phosphorus is expected to be found in 
this type of water. This relation was used to transform available 
measurements of phosphates from the experimentation to total phosphorous.  

 A nitrate nitrogen to total nitrogen relation of N-NO3/NT=0.98, as almost all 
nitrogen present in the water was attributed to nitrated due to the 
configuration of the total RAS systems. Derived from this: N-
NO2/NT=0.001, N-NH4/NT=0.002, based on previous experiences.  

 Relation between total and particulate chemical oxygen demand: 
CODP/CODT= 0.15. Considering XS/CODP=0.9, XI/CODP=0.1, 

XH/CODP=0.0, SI/CODS=0.1 and SS/CODS=0.9. Total chemical oxygen 
demand (CODT) is a known value. Those values obtained from previous 
experiences are also adjusted to ensure mass and charge continuity.   

 Protein, lipids and carbohydrates fractions are calculated as follows: the 
fraction of XPR in XS and SAA in SS are assumed to be the same and are 
calculated to meet the measure of total nitrogen:  
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Eq.(21) 

Additionally, the fraction of XCH is calculated to meet the measurement of 
total phosphorus, and the fraction of SSU over SS is assumed the same as XCH 
over XS: 

 

 

Eq.(22) 

Finally, the fraction of XLI/XS and SFA/SS are calculated to assure a correct 
balance: 

   Eq.(23) 

 Total suspended solids (TSS) were calculated from bibliography and 
previous experiences, and it was determined that a low value of TSS is 
expected in this type of water and a relation of volatile suspended solids to 
total suspended solids of VSS/TSS=0.5 (also to ensure mass and charge 
continuity).  

 The presence of VFA was considered negligible, as no anaerobic areas were 
expected in the system. As a result of that, VFA/CODS=0.0.  

 Temperature and pH were known.  

 Alkalinity, SALK was established in 10 mol m-3. 
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5.3.2. Unit-process model selection  

An open completely stirred tank reactor was selected to represent the PBR, 
mimicking the high turbulence that is characteristic of thin-layer PBRs and also 
taking into account that is was an open system .Therefore, PBR consisted on a 
single liquid phase and two gas phases O-CSTR unit (open completely stirred 
tank reactor), additionally, a solid phase was also included although not required 
on this simulation. The two gas phases include the gaseous phase in contact with 
the free surface of the reactor, atmosphere in open reactors, and a second phase 
composed by the bubbles contained in the liquid phase, gas hold-up. When the 
composition of the bubbles injected or produced in the reactor is different from 
the atmosphere composition, as it is the case, the use of two gas phases is 
required. In addition, it was also considered that CO2 and O2 concentrations in 
the bulk, as well as in the injected bubbles and atmosphere, are paramount when 
modelling mic 2 and at the 
same time producers of O2. This consideration is also of great interest when 
modelling microalgae-bacteria interactions, as bacteria can consume O2 produced 
by microalgae and microalgae can consume CO2 produced by bacteria.  

A schematic representation of the mass balances in the O-CSTR is presented in 
Figure 5. 2. 

 
Figure 5. 2 Schematic representation of the mass balance in an O-CSTR. 
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This reactor consists in one liquid phase, two gas phases and one solid phase, 
being each phase an independent system with its corresponding mass vector ( ) 
as described in PWM procedures (Fernández-Arévalo, 2016; Lizarralde, 2015). 
Once the number of phases is established, the definition of transfers between the 
phases are described (Lizarralde et al., 2015). Each phase has an independent 
stoichiometric matrix ( ) and kinetic vector ( ) to define the transformations 
that take place on it. Therefore, the aqueous phase will contain all the biochemical 
and chemical reactions that take place in the liquid phase, gathered in Appendix 
B.4, the first gas phase will represent the atmosphere and the second phase the 
bubbles known as gas hold-up (liquid-gas transfers are described also in 
Appendix B.4). Transferences in solid phase and reactions in solid phases and 
gas phases are not expected.  

As described before (Fernández-Arévalo, 2016; Lizarralde, 2015), and reflected 
in Figure 5. 2, each group of interactions between phases will have its own 
stoichiometric matrix ( ) and kinetic vector ( ) to describe 
evaporation/condensation, stripping/absorption, precipitation/dissolution or 
deposition/sublimation reactions. With respect to the notation,   sub-matrixes 
and  sub-vectors include two subscripts to specify the involved phases in the 

-gas phase or the 
 gas hold-  (two letters 

mean interaction between the referred phases). Mass balances of each phase are 
composed of transport phenomena (advective mass fluxes for each component, 

 in gEcomp d-1) and reactions. The definition of the set of matrices allows a 
systematic mass balance description based on the structure also proposed before 
(Fernández-Arévalo, 2016; Lizarralde, 2015) that is applied to all phases 
(aqueous, off-gas, gas hold-up and solid):  

  

 

adj. phase (number of adjacent phases) 

Eq.(24) 

Those balances described before allowed the construction of an O-CSTR model 
adequate to the case study, as this way of distinguishing the different phases and 
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applying mass balances in each one, enables the modeller to construct 
systematically mathematical models as complex as required (considering 
different aqueous, gaseous or solid phases) in a single unit-process. In the present 
case-study, off-gas was the atmosphere, as it represented the open-thin layer 
reactor, and the gas hold-up corresponds to the CO2 injected into the reactor. A 
schematic representation of an O-CSTR with two gaseous phases is shown in 
Figure 5. 3. 

 
Figure 5. 3 Schematic representation of the mass balance in an O-CSTR with two 
gaseous phases. Only the transformation between phases in one direction has been 

considered in the figure. 

As explained in (Fernández-Arévalo, 2016), the transfer between gas hold-up to 
off-gas phase is estimated by a transport term ( ), and not by physio-
chemical reactions. Although  represents a system output, the gas outlet 
has a delay that will be equivalent to the path that the bubbles have to cover from 
the tank bottom to the surface, thus transport is a function of the up-flow velocity 
of bubbles and submergence, therefore establishing the contact time; and the 
volume of the bubbles that depends on gas hold-up components mass and the 
pressure at a height half of the tank. 

5.3.3. Plant layout 

Once a procedure for influent characterization has been established and the unit-
process model has been selected and adapted, the plant layout is constructed in 
WEST platform. The plant layout (Figure 5. 4) consisted in: a single completely 
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stirred open tank reactor representing the open thin-layer PBR (PBR); a CO2 
controller (CO2 PI Control) that allows injecting the gas (CO2 gas and CO2 gas 
convertor) into the reactor up to a selected set point with an on-off based on day-
night cycles (Day/Night Switch); a closed loop to check if evaporation occurring 
is enough to compensate influent flow (Evaporation check); a controller (PO4 PI 
Control) that allows phosphate addition to the system (PO4, PO4 addition, 
Combiner); and control inputs of temperature and incident PAR (Tª, PAR input).  

The O-CSTR already described was selected to represent PBR. CO2 controller 
was set up to match dynamics experienced during the cultivation at pilot scale, 
being the set-up point 14.98 g m3. Phosphate addition was controlled in order to 
avoid a growth limitation of microalgae, as at pilot scale. Set-up point used was 
fixed at 16 g PO4-P m3. Evaporation was adjusted in the system to match the 
volume of water treated at pilot scale. Weather influence in the system is 
modelled through PBR temperature and incident PAR, using real values obtained 
during the experimentation. Day/Night switching was adjusted to follow PAR 
dynamics, and was established at a 0.59:0.41 day:night cycles.  

 
Figure 5. 4 Open thin-layer PBR configuration constructed on the WEST 
simulation platform. Blue lines are mass fluxes, and red lined data fluxes. 
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5.4 CALIBRATION OF THE MODEL 

Once the influent characterization procedure has been adapted to the case study, 
and therefore an influent meeting wastewater characterization has been 
generated; the unit-process model has been selected; and , the plant layout is 
constructed in WEST platform; calibration of the model based on experimental 
results can take place.  

The main objective of model calibration is to assure the reproducibility of the 
results obtained experimentally. In this way, it will be demonstrated that the 
model has been built correctly with the appropriate assumptions for the case 
study. For this purpose, the experimental results obtained at pilot scale, set out in 
Chapter 3 of this Thesis, are used, as already stated in Description of the pilot 
plant and experimental situation.  

Model calibration and verification has been based on adjusting XALG growth 
dynamics, based on its activity. Starting from an initial simulation, in which the 
recommended default parameters are used (listed in Appendix B), it was detected 
that using these default parameters as a whole, the growth dynamics of the 
microalgae observed in the piloting, did not match with that obtained by 
simulation. 

In order to obtain a set of values of the parameters that allow to adjust the 
simulation to the values obtained in the piloting, it is necessary to study and 
analyse which are the factors that affect the growth of the microalgae. Thus, 
factors affecting microalgae growth should be analysed in order to develop a 
strategy to calibrate the model, obtaining a new value or values for default 
parameters. 

5.4.1. Microalgae Activity 

As stated in Chapter 4, microalgae growth was affected, in general terms, by the 
presence of nitrogen (ammonia, ammonium and nitrate) and phosphorous 
(phosphates), in addition to carbon (carbon dioxide and bicarbonate), as well as 
oxygen and light. Additionally, microalgae decay was controlled by the decay 
rate. Microalgae activity, the change in microalgae amount over time, is supposed 
to depend on the microalgae growth itself, microalgae death (decay) and the 
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transport phenomena occurring in the reactor (obtained from the parallelism of 
the heterotrophic bacterial activity).   

In the present case study, in which the reactor used for piloting is a system with 
no wastage (growth is not affected by transport), microalgae activity (Equation 
25) is the result of the combination of both microalgae growth and microalgae 
decay simultaneously occurring. This results in a general expression to represent 
microalgae activity, in which microalgae phototrophic growth on ammonia and 
phosphorous, and nitrate and phosphorous, and microalgae decay are embodied:  

 Eq.(25) 

However, a simplification of this term can be done considering the specific case 
of the piloting carried out, in which the main substrate available for the 
microalgae growth was nitrate: 

  Eq.(26) 

Resulting in the next equation:  

   Eq.(27) 

The factors composing the Equation 27 were analysed in order to determine 
which ones should undergo a sensitivity analysis to check its mathematical 
influence in the simulation results.  

-Growth rate, Km,XALG, Eq.(2), is a default value multiplied by a thermal factor 
that determines the effect of temperature over the growth rate. It is considered 
that the thermal factor itself will not affect the microalgae activity simulation 
results. However, maximum growth rate default value is considered to have the 
potential to significantly affect microalgae activity simulation results. 

-Light factor, fL,I, Eq.(3): A widely known expression is used to represent the 
effect of light intensity on microalgae growth. It was considered as an assumption 
that this factor did not significantly affected the simulation results of the 
microalgae activity, as real values of light intensity were used for the simulation. 

- Photorespiration factor, fPR,SO2, Eq.(7): as oxygen inhibition of the microalgae 
growth was not observed at pilot scale and oxygen concentrations were 
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continuously monitored, it is considered that it did not significantly affect the 
microalgae final performance.  

-Carbon dioxide activation term, ACO2,ALG, Eq.(9): Real values of CO2 

concentrations in the reactor were available, and thus, it is considered that it was 
unlikely affecting the simulation results regarding microalgae dynamics 
(activity).  

-Nitrate activation term, ANO3,ALG, Eq.(11): as nitrate was the main microalgae 
substrate during the piloting and the simulation, it is considered to significantly 
affect microalgae activity simulation results. 

-Phosphate activation term, APO4,ALG, Eq.(8): Phosphorous was non-limiting 
during the pilot experiment, additionally, it was controlled during the simulation. 
Therefore, this factor unlikely affected the simulation results regarding 
microalgae dynamics (activity). 

- Inhibition term, ICS;IN;ALG, Eq.(12): As ammonia was not available to be used by 
microalgae during the piloting, this term is not affecting the simulation results.  

-Decay rate, Kdec,XALG, Eq.(14): is a thermal factor whose expression and default 
values are considered to have the potential to significantly affect microalgae 
activity simulation results. 

Finally, Equation 27 can be simplified to: 

   Eq.(28) 

Resulting in: 

   Eq.(29) 

 

 

        Eq.(30) 

From the terms reflected in the equation, a sensitivity analysis will be performed 
to the following: km,XALG(T=20°C), KN;ALG and kdec,XALG(T=20°C). 
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5.4.2. Sensitivity analysis 

Sensitivity analysis were performed for checking the influence of the 
aforementioned kinetic parameters ( km,XALG(T=20°C), KN;ALG and kdec,XALG(T=20°C)), 
and, if necessary, propose a change in its default value. Nevertheless, other 
assumptions could also affect microalgae activity simulation results. In this 
sense, it was considered that the microalgae characterization and stoichiometry 
assumptions, could also affect the final results.  

Microalgae characterization and stoichiometry 

Regarding microalgae composition, it is widely known that different microalgae 
compositions could be found (Brown and Jeffrey, 1992; Colla et al., 2020) and 
experienced, not only due to the vast diversity of these type microorganisms 
(Singh and Saxena, 2015), but also because its capacity to uptake and storage 
some compounds (Shoener et al., 2019).  

A different microalgae composition is feasible, but as the generic formula 
proposed in RWQM1 is accepted, this was used. However, it is important to 
highlight that PWM library could be expanded if different microalgae 
compositions are needed, for example, if very different species are used or the 
microalgae storage of compounds is expected to occur. To be able to do this, an 
exhaustive characterization of the microalgae would be needed both in its 
elemental composition (C, H, O, N, P), and in terms of carbohydrates, proteins, 
lipids, and particulates (considered inert). 

In addition to the microalgae composition itself, the microalgae complex decay 
composition could also affect the simulation results obtained. During microalgae 
cultivation death occurs, and thus this complex decay and its inherent nutrients 
are released to the medium. This means that another source of feed is available.  

Once microalgae death occurs, the microalgae biomass (XALG) is transformed 
into another component of the model (XCALG), both with equal stochiometric 
composition. XCALG, will transform into carbohydrates (XCH), proteins (XPR), 
lipids (XLI), and particulates (XP), through disintegration, which then will 
experience their hydrolysis (Figure 4.3). 

These transformations are established in the model, given first a default value to 
the percentage composition of the particulate matter over the total (fXP,XCALG) and 
then, carbohydrate (fXCH,XCALG), protein (fXPR,XCALG) and lipid (fXLI,XCALG) 
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composition are given adapted from previous studies (Solimeno et al., 2017; 
Wágner et al., 2016) (see Appendix B). 

Consequently, the influence of the default values assigned to XCALG 
disintegration could also affect the simulation results. As fXP,XCALG is a parameter 
proposed in PWM, a sensitivity analysis varying this parameter, and thus varying 
the amount of nutrient released to the medium, was done to determine its 
influence on the simulation results.  

Along with the default simulation, two cases are presented in Figure 5. 5: 1) No 
inert particulate matter is released to the medium (fXP,XCALG=0), meaning that the 
amount of XCH, XPR and XLI released is higher than in the default simulation. This 
led to a higher availability of substrate in the medium; 2) A higher amount of 
particulate matter is released to the medium (fXP,XCALG=0.5) when compared to 
the default value, and hence nutrient availability is lower.  

However, no changes were observed comparing the three simulation scenarios, 
as can be seen in Figure 5. 5.  

 
Figure 5. 5 Microalgae biomass expressed as XALG (g COD m-3) evolution over 

time (days) using different fXP,XCALG values (referred in the graph as fxp). 

To conclude, microalgae characterization and stoichiometry was kept in its 
default values.  
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Kinetic parameters 

Three parameters define the shape of the microalgae activity curve based on its 
growth and decay: the maximum growth rate (km,XALG(T=20°C)), the saturation 
coefficient referring to nitrogen (KN;ALG) and the maximum decay rate 
(kdec,XALG(T=20°C)). A generic explanation of this curve is shown in Figure 5. 6 
(adapted for the case study from the general assumptions for heterotrophic 
bacteria); in which it can be inferred that the shape of the curve on its initial stage 
is determined by the saturation coefficient along with the maximum growth rate, 
and the maximum consumed substrate to be reached is determined by the 
maximum growth rate (in conjunction to the maximum decay rate). 

 
Figure 5. 6 Adapted growth curve for microalgae: change of microalgae activity 

over the time, related to the consumed substrate. 

A first simulation was carried out using all default values. Data selected from the 
simulation to check the correct adequation of the simulated values to the real 
values was the evolution of microalgae biomass over the time (XALG  Time) and, 
as a double check due to the capacity of microalgae to consume CO2 and modify 
pH, the evolution of pH over time (pH - Time). Each parameter selected was 
studied separately, and the conclusions obtained are explained as follows:  

-km,XALG(T=20°C): this parameter will determine the maximum amount of substrate 
to be consumed by the microalgae biomass, and thus will influence the shape and 
final values of the last part of the curve. As can be observed in Figure 5. 7, real 
values differed from the default simulation (km,XALG(T=20°C)=2) and several values 
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were simulated to test how the curve varied. No value was found to match the 
shape of the curve to the actual values, as can be seen on the graph.  

 
Figure 5. 7 Microalgae biomass dynamic expressed as XALG (g COD m-3) evolution 

over time (days) using different km,XALG(T=20°C) values. 

This is also explained from a biological point of view: given that nitrate was 
considered to be limiting the microalgae growth, it is consistent that even if the 
growth rate of microalgae is increased, the curve is not altered since microalgae 
do not have any substrate to feed on. Therefore, the end point reached is the same, 
although earlier as the growth rate increases. 

-KN;ALG: the mathematical sense of this factor will be reflected in the initial part 
of the curve. As observed in the curve for the default values of the simulation 
(Figure 5. 7, green line), the first part of the curve adjusts to the real values in its 
shape, therefore the default value is not changed. In addition, as nitrogen (nitrate) 
was considered to be limiting during the experiment, no effect will be seen if this 
parameter is modified. Moreover, this parameter should not be changed as no 
new default value would be obtained for it, if the cultivation was nitrogen limited.  

-kdec,XALG(T=20°C): microalgae decay rate was expected to modify the final value 
reached by the curve, and thus a possibility to modify this value and adjust the 
simulation values to the real ones, emerged. In order to check the hypothesis, a 
series of simulation with different values were done (Figure 5. 8), obtaining that 
a value of kdec,XALG(T=20°C)=0.05 fit into. 
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Figure 5. 8 Microalgae biomass expressed as XALG (g COD m-3) evolution over 

time (days) using different kdec,XALG(T=20°C) values. 

This was also expected from a biological point of view: since it seems consistent 
that the real value of the microalgae decay rate in the pilot experiment is lower 
than the proposed in the RWQM1, given that the predation rate in the pilot 
experiment could be lower than that which occurs in a river, in natural conditions. 

5.4.3. Conclusion 

Finally, it was accepted as valid to modify the maximum decay rate to 
kdec,XALG(T=20°C)= 0.05, as the default value proposed by the RWQM1 (Reichert et 
al., 2001) did not reproduce the real data from this type of photobioreactor.  

Figure 5. 9 shows the simulation results versus the real values for XALG in terms 
of g COD m-3 and g TSS m-3 over the time (a and b), and pH evolution (c). As 
observed, biomass dynamics matched and pH values, although initially did not 
match (as CO2 was controlled in the simulation), once the stationary phase is 
reached, those are considered to match in value and dynamics.  
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a) 

b) 

c)  

 

Figure 5. 9 Simulation results versus real values for microalgae biomass dynamics 
(XALG in terms of g COD m-3 and g TSS m-3 over the time, a and b respectively), 

and pH evolution (c). 
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5.5 SUMMARY 

Calibration and validation of the developed model has been carried out 
satisfactorily for the case study, meaning that the model developed in Chapter 4 
and calibrated in the present chapter, is ready to be used. Nevertheless, it is 
important to stress out that the default values to be used for each case study (type 
of photobioreactor) should be checked and verified before. Even so, the 
stablished procedures presented in this Chapter can be used for this purpose. 

In view of the importance of the use of this type of models it is paramount to 
highlight that, although developed for WWTP, this model could be also adapted 
for industrial wastewater treatment, food-industry wastewater treatment, and, of 
course, for modelling and simulating the wastewater treatment in the aquaculture 
sector in general, and in RAS in particular. Finally, the potential and the 
usefulness of the PWM library, is demonstrated, although a deeper calibration of 
the model using data from different reactor types and conditions should be done 
as a previous step to carry out a model-based assessment.  
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6.1 CONCLUSIONS 

This Thesis explored the use of microalgae for wastewater treatment as a 
promising solution in the nowadays context. Microalgae is presented as an 
emerging technology for water treatment, and, as demonstrated, can contribute 
tackling with the SDGs from different perspectives. In this context, this Thesis 
has explored the use of microalgae in the aquaculture industry to be used as RAS 
water treatment in order to remove nutrients, and the implementation of 
microalgae-based processes for urban wastewater treatment using model-based 
explorations.   

Additionally, this Thesis has opened a new research line at the Water and Waste 
group of Ceit, setting the basic principles to understand microalgae water 
treatment, and establishing the starting point of integrating microalgae processes 
in PWM library. A new category has been made available in PWM, which will 
allow the implementation of this process in future studies. 

Experimental laboratory scale and pilot scale experiments were carried out, 
confirming the suitability of microalgae for aquaculture water treatment. 
Microalgae monocultivations and co-cultivations demonstrated a great 
performance while treating wastewater from a RAS.  
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Additionally, it was carried out the implementation of a new model category in 
PWM library, including microalgae transformations. The potential and the 
usefulness of the PWM library to be expanded and completed assuring a correct 
description of the biochemical, chemical and physico-chemical transformations 
thanks to the mass, charge and, continuity, has been also demonstrated.  

The first main contribution of the Thesis consisted of assessing the suitability 
of microalgae in the aquaculture context for treating wastewater produced in 
RAS. This included the evaluation of the treatment efficiency of microalgae 
monocultivations at laboratory scale, and the improvement of microalgae 
cultivation robustness at laboratory and pilot scale. 

A set of laboratory cultivations of C. vulgaris and T. obliquus were carried out 
with the objective of evaluating how the quality of the water (presence of 
protozoa and/or bacteria) taken from a RAS would affect the growth rate and 
nutrient removal efficiency of microalgae (Chlorella vulgaris, Tetradesmus 
obliquus). To this end, cultivations were carried out in raw and filter-sterilized 
water samples taken at different locations within a RAS, and nutrient removal, 
microalgae growth, and density of bacteria and protozoa were evaluated. Main 
results obtained while evaluating microalgae efficiency for RAS water treatment 
with C. vulgaris and T. obliquus, are: 

 Both, C. vulgaris and T. obliquus grow well in aquaculture water. This 
means that final dry weight and nutrient removal reached in both cases are 
satisfactory. Higher dry weight obtained in C. vulgaris cultivations 
corresponds to sterile water, 4.34 ± 0.02 g l-1 in MM and 2.28 ± 0.04 g l-1 in 
FT0.2, being the nutrient removal efficiency obtained by the end of the 
cultivation 99.7% of nitrate and also 99.7% of phosphate. Moreover, 
although a lower dry weight was obtained in non-sterile cultivations, the 
removal efficiency was still high (78.7% of nitrate and 97.0% of phosphate). 
T. obliquus higher dry weight obtained were 6.71 ± 0.07 g l-1 in MM, 
followed by 2.10 ± 0.1 g l-1 in FT, also experiencing high nutrient efficiency 
removals (69.3% nitrate removal in sterile water, 80.6% nitrate removal in 
non-sterile and 99.7% phosphate removal in both) 

 C. vulgaris performance was higher in sterile water, nevertheless T. 
obliquus performance was higher in non-sterile water. Taken together, 
growth of C. vulgaris surpassed that of T. obliquus in sterile water, where 
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the final dry weight was 27% higher, yet this pattern was reversed in non-
sterile water, where T. obliquus performed superiorly and its final dry weight 
was 22% higher. 

 Protozoa presence affected C. vulgaris growth, but not T. obliquus. 
Comparing microalgae growth and protozoan density, it was observed that 
herbivorous protozoa were likely the cause of the observed decline in C. 
vulgaris. However, no decline of T. obliquus growth was observed. The data 
provided strong evidence that protozoa were the reason for the observed 
decline in microalgae productivity in non-sterile water, and the effect varied 
between C. vulgaris and T. obliquus.  

It was observed that protozoa affected microalgae growth differently, and thus 
performance. As a result, it was tested the use of a co-cultivation of the already 
tested microalgae to enhance microalgae cultivation robustness, as it is 
paramount to avoid the collapse of a cultivation. This approach was carried out 
using RAS water, both under sterile and non-sterile conditions at laboratory-scale 
and then compared to a co-culture at pilot-scale in an open thin-layer 
photobioreactor. Performance of cultures was tested in terms of microalgae 
growth and nutrient removal efficiency and their relative frequencies in co-
cultures as well as the presence of protozoa and bacteria. The main results 
obtained during the co-cultivation of C. vulgaris and T. obliquus at both, 
laboratory and pilot scale, are: 

 A successful co-cultivation of C. vulgaris and T. obliquus was 
experienced, improving the robustness of the system. Microalgae were 
able to grow and perform satisfactorily without suffering crashes in both, 
laboratory and pilot scale. In addition, a stable cultivation was observed 
despite the presence of protozoa was corroborated.  

 Laboratory scale co-cultivations showed an excellent performance in 
terms of final dry weight achieved and nutrient removal, even surpassing 
those results obtained previously in mineral medium. Final dry weight 
obtained in RAS water was 6.12±0.07 g l-1, corresponding to an average 
removal efficiency of 98.73±0.06 % for nitrate and 99.46±0.04 % for 
phosphate.  
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 Pilot scale experiment lasted 29 days, treating a total of 1771 l of RAS water, 
removing 201.09 g of N-NO3. A high final dry weight of 11.1 g l-1 was 
reached, and the maximum productivity experienced was 13.3 g m-2 d-1. 

 From day five of pilot scale experiment onwards, concentrations lower 
than 3 mg NO3-N l-1 were reached in the cultivation, thanks to an average 
removing efficiency of 98.6 ± 0.001 %. In consequence, nutrient removal 
is enough to recirculate water to the RAS with a previous microalgae 
separation step. However, as a nutrient limitation occurred, higher biomass 
productivities could be achieved if more evaporation occurs.  

 The observed shifts in species frequency in co-culture are likely caused 
by protozoa. None of the species were completely replaced, showing that 
successions could be beneficial to avoid crashes. Moreover, it was accepted 
that the number of protozoa present in the cultivations determined to what 
degree they were affected and the relative amount of each specie. 

The second main contribution of the Thesis consisted of enhancing the 
implementation of microalgae processes in WWTP through the development 
of a new PWM category including microalgae transformations. Firstly, PWM 
library was expanded following already developed methodologies for including 
microalgae transformations. Then the validation of the model was done based on 
the previous pilot scale experiments results, in order to be calibrated to be used 
in full WWTP simulation. 

 A detailed state-of-the-art has been carried out, in order to study the 
strengths and weakness of the available models. This allowed to develop a 
complete model for microalgae processes description including 
microalgae biomasses and its transformations.  

 The developed model was integrated into the already existing PWM library. 
This was carried out following PWM methodology, to assure a successful 
implementation of microalgae processes in the model library. Two new 
model components (microalgae biomass, and the decay complex from 
microalgae biomass) were added to the already existing, and also its related 
transformations (microalgae growth, microalgae decay and decay complex 
disintegration).  
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 Microalgae processes implementation into the PWM library was 
successful, assuring that mass continuity and mass balances are met, as well 
as charge continuity. 

 A successful calibration of the developed model, employing the pilot scale 
experiments presented, was achieved. A sensitivity analysis with different 
selected parameters was done, in order to detect which one influenced the 
simulation result the most, and to match the results obtained by simulation 
with the real. It was accepted as valid to modify the maximum decay rate 
(kdec,XALG(T=20°C)), based on the simulation results and the biological 
characteristics of the RWQM1 compared to the pilot scale experiment. 

 The methodology used for the present calibration, could be applied to other 
case studies. 

It is important to highlight that, although developed for WWTP, this model could 
be also adapted for industrial wastewater treatment, food-industry wastewater 
treatment, and, of course, for modelling and simulating the wastewater treatment 
in the aquaculture sector in general, and in RAS in particular. 

6.2 FUTURE RESEARCH LINES 

Future research lines to continue this work will be approached from two different 
perspectives: Experimentation and Modeling and Simulation.  

From the point of view of the application of microalgae for wastewater treatment 
in aquaculture, it will be very enriching testing different microalgae co-
cultivations or polycultures formed by microalgae species that are of interest if 
further valorization in the same system is to be done. For example, microalgae 
species known to be of use as fish feed could be cultivated in RAS water, 
performing a nutrient removal in the system and closing the loop being used as a 
source of feed for fish meal formulation. In addition, a better understanding of 
the predation, testing how it affects other species and carrying out a genomic 
analysis to know which protozoa species are present is also of interest to develop 
more strategies for avoiding pond crashes. In line with this, microalgae 
succession need to be studied over a complete year, as climate changes could also 
influence the predominance of microalgae species and protozoa.  
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From the point of view of the mathematical model implemented describing 
microalgae transformations, it can be improved taking into account not only the 
phototrophic growth of microalgae, but also mixotrophic and heterotrophic 
growth. Additionally, the capacity of microalgae for storing compounds under 
certain conditions, such as nitrogen and phosphorus, to be consumed (and grow) 
latter, could be also modelled. Finally, pH limitation of microalgae growth can 
be also added. Nevertheless, more data approaching these aspects is needed in 
order to perform an adequate calibration of the improved model. 

In addition, the anaerobic digestion model available in PWM library and 
implemented in the category developed could be improved to better reproducing 
microalgae digestion. In order to carry out this, experimental data on biomethane 
potential and fermentation of microalgae and microalgae-bacteria sludge need to 
be used. As a first approach, experiments have already been carried out at Ceit 
(Cerdán et al., 2020) whose results could be used for this task.  

As far as the expansion of PWM is concerned about, a new category of PWM 
library can be developed in other to include purple phototrophic bacteria, a very 
promising field of research in wastewater treatment, as they are the metabolically 
most versatile organisms on Earth.  
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 Partners: Instant Sport SL, Ceit-IK4. 

 Duration: 2019- 2021. 

 



130   Publications and projects 
 

 
 

Circular Economy applied to water treatment: Production of microalgae 

through photobioreactors. 

 Funding organism: Diputación Foral de Gipuzkoa. 

 Partners: Ceit-IK4. 

 Duration: January 2019- December 2019. 

Circular economy applied to water treatment: Microalgae based processes. 

 Funding organism: Diputación Foral de Gipuzkoa. 

 Partners: Ceit-IK4. 

 Duration: January 2018- December 2018. 

Environmental Improvements Derived from the Use of Microalgae. 

 Funding organism: Diputación Foral de Gipuzkoa. 

 Partners: Ceit-IK4. 

 Duration: January 2017- December 2017. 

SARASWATI- Supporting consolidation, replication and up-scaling of 

sustainable wastewater treatment and reuse technologies for India. 

 Funding organism: European Commission, FP7- Collaborative Project. 

 Partners: Ceit-IK4, BOKU, BRGM, CENTA, University of Exeter, A3I, 

SIMBIENTE, HYDROK UK LTD. 

 Duration: September 2012- February 2017. 

NIFOPEZ- Development of technologies for nitrogen and phosphorous removal 

and degasification for recirculating aquaculture systems. 

 Funding organism: HAZITEK (Basque Government). 

 Partners: Ceit-IK4, Veolia Water Systems Iberica SL, INITEK Ingenieros, 

Ondartxo Arraiak S.L, OTARI Ingeniería del agua, AZTI.  

 Duration: September 2014-March 2017. 

 



 

 
131 

 

 

This appendix describes the categories of the PWM library, adapted from 

(Fernández-Arévalo, 2016). First, the scope of the different categories is presented, 

also showing the main characteristics of the PWM methodology. Second, the 

specifications for state-variables to ensure mass and charge continuity have been 

detailed, with a small section dedicated to software implementation. Third, the state-

variable vector or the component vector is presented. And finally, the stoichiometric 

matrix and the kinetic vector of each category are described. 

B.1. SCOPE OF THE PWM CATEGORIES 

Plan Wide Model (PWM) library contains different categories or model packages 

that include all the transformations present in characteristic plants in order to 

facilitate the work. The contents of each category is as follows: 

 CN: This category gathers all components and transformations able to 

describe dynamically aerobic and anoxic COD biodegradation and N 

removal. 
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 CN_AnD: This category gathers all components and transformations able to 

describe dynamically aerobic, anoxic and anaerobic COD biodegradation, 

and N removal at low and high temperatures (thermal hydrolysis reactions). 

 C2N_AnD: This category gathers all components and transformations able 

to describe dynamically aerobic, anoxic and anaerobic COD biodegradation, 

and two step N removal at low and high temperatures (thermal hydrolysis 

reactions). 

 CNPchem_AnD: This category gathers all components and transformations 

able to describe dynamically aerobic, anoxic and anaerobic COD 

biodegradation, biological N removal, and chemical P removal at low and 

high temperatures (thermal hydrolysis reactions). 

 CNP_AnD: This category gathers all components and transformations able 

to describe dynamically aerobic, anoxic and anaerobic COD biodegradation, 

biological N removal, and chemical and biological P removal at low and 

high temperatures (thermal hydrolysis reactions). 

 CNPprec_AnD: This category gathers all components and transformations 

able to describe dynamically aerobic, anoxic and anaerobic COD 

biodegradation, biological N removal, chemical and biological P removal at 

low and high temperatures (thermal hydrolysis reactions), and precipitation 

reactions. 

 C2NPchem_AnD: This category gathers all components and 

transformations able to describe dynamically aerobic, anoxic and anaerobic 

COD biodegradation, biological two steps N removal, and chemical P 

removal at low and high temperatures (thermal hydrolysis reactions). 

 C2NP_AnD: This category gathers all components and transformations able 

to describe dynamically aerobic, anoxic and anaerobic COD biodegradation, 

biological two step N removal, and chemical and biological P removal at 

low and high temperatures (thermal hydrolysis reactions). 

 C2NPprec_AnD: This category gathers all components and transformations 

able to describe dynamically aerobic, anoxic and anaerobic COD 

biodegradation, biological two step N removal, chemical and biological P 

removal at low and high temperatures (thermal hydrolysis reactions), and 

precipitation reactions. 
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 C2NP_AnD_ALG: This category gathers all components and 

transformations able to describe dynamically aerobic, anoxic and anaerobic 

COD biodegradation, biological two step N removal, and chemical and 

biological P removal at low and high temperatures (thermal hydrolysis 

reactions), in addition to microalgae-related biochemical processes.  

The definition of the components and transformations included in these 

categories have been mainly based on ASM1/2d models (Henze et al., 2000), the 

ADM1 model (Batstone et al., 2002), and in the works of (Hao et al., 2002b, 

2002a; Hellinga et al., 1999). In addition RWQM1 (Reichert et al., 2001) and 

BIO_ALGAE (Solimeno et al., 2017) have been used as a reference for 

microalgae-related biochemical processes. However, some of them have been 

rewritten and others have been added according to the main PWM 

characteristics: 

(1) PWM categories consider different phases (liquid, gaseous and solids) and 

the interactions among them. Therefore, some compounds (CO2, H2O, NH3, 

N2, CH4, O2 and H2) will be split into two state-variables to express its mass 

as dissolved in the liquid phase, and its mass in the gaseous phase.  

(2) For clearness in model definition and calculations in each phase, 

components, stoichiometry and kinetic equations must be defined in terms 

of mass or mass rates and not in terms of concentrations. 

(3) Model transformations must include the required activation/inhibition terms 

in order to describe properly the biochemical activity under different 

environmental conditions (electrons acceptor, pH, temperature, etc.). 

(4) Total elemental mass continuity must be guaranteed in each transformation 

of the model and, according to this, components must be characterised by 

their elemental mass composition. 

According to the latest characteristic, the next section details some specifications 

related to components (state-variables) and transformations that must be fulfilled to 

guarantee the mass and charge continuity in the model. 
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B.2. SPECIFICATIONS FOR STATE-VARIABLES TO 
ENSURE MASS AND CHARGE CONTINUITY IN THE 
MODEL 

In order to ensure mass and charge continuity in all transformations, the state-

variables have to rely on three main pillars. 

Firstly, the molecular composition of every state-variable must be expressed in terms 

of a set of pre-defined elements. The categories defined to date consider an element 

list (EL) with a maximum of twelve elements depending on the category: EL = {C, 

N, P, H, O, Ca, Fe, Cl, Mg, K, X, charge}. X refers to all those elements different 

than C, H, O, N, P, Ca, Fe, Cl, Mg and K. This element will only be used for inorganic 

components (XII). According to this hypothesis, each state-variable is defined in 

C N P H O Ca Fe Cl Mg K X, 

Ch]). Those unitary factors depend on both the molecular composition of the state-

variable and the atomic weights of each element. Obviously, the following 

expression EL = 1 must be satisfied for all state-variables. 

Secondly, all state-variables are expressed in different mass units (mass of C, mass 

of N, mass of COD, mass of component, etc.). The following list of units is 

considered for state-variables: (1) gC; (2) gN; (3) gP; (4) gH; (5) gO; (6) gCa; (7) 

gFe; (8) gCl; (9) gMg; (10) gK; (11) gCOD; and (12) g of state-variable or gSS. 

Every transformation must be balanced in terms of both total mass and charge. The 

continuity equation must be fulfilled for every transformation for EL = {C, N, P, H, 

O, Ca, Fe, Cl, Mg, K, charge}. X mass continuity in transformations does not need 

to be fulfilled in transformations. Its value only represents the mass composition of 

those elements whose mass continuity is not relevant in the category. 

Given the heterogeneity of state units, the inclusion of conversion factors is needed 

to convert units of state-variables to units of elements. In this manner, each state-

variable has its corresponding i-vector. The conversion is straightforward in the case 

of state-variables whose units are gC, gN, gP, gH, gO, gCa, gFe, gCl, gMg, gK or g 

of state-

-variables expressed in gCOD units 

require a new term, the Theoretical Oxygen Demand (ThOD), to be introduced. 

ThOD represents the mass of oxygen needed to oxidise 1 g of state-variable (i.e., 
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gCOD g of state-variable-1). This parameter is calculated for every state-variable as 

-vector and the ThODEL of its elements. 

B.2.1. Software implementation approach 

A software implementation approach for instancing PWM state-variables is proposed 

in this section. Since the basis for the definition of state-variables is to specify their 

molecular composition, first of all, a constant element list (EL) with all those 

elements considered in each category must be defined (see Table B. 1). 

The size of EL, determines the size of the Molecular Composition (MC) vector. 

The MC vector specifies the molecular structure of each state-variable. Obviously, 

item positions in MC and EL refer to the same element. As an example, the MC 

vector for the SHPO4= state-variable in the CN_AnD category (molecular structure 

HPO4
=) would be MCHPO4= = [0, 0, 1, 1, 4, 0, -2]. 

The definition of EL brings about another constant list ZW with the atomic weights 

of the mass elements listed in EL (see Table B. 1). The last term of each ZW vector 

does not represent mass, but mole of unitary charge (dimensionless). 

Finally, a constant ThODEL list for each element considered in each category must 

be defined (see Table B. 1). 

Table B. 1 enumerates constant vectors associated to state-variables that should be 

considered in the software implementation. 

The following expressions summarize how to calculate some attributes for the state-

variables: 

Molecular weight: 

 

 

Mass fraction of each ELj in the component: 
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Theoretical oxygen demand per unit of component mass: 

  

Conversion factor of EL in the component: 

 Components with gk units (k = C, N, P, H, O, Fe, Cl, Mg, K, Ca) 

  

 Components with gCOD units 

  

 Components with g state-variable units 

  

Table B. 1 Specifications for the implementation of the state variables in the 
software. 

CN, CN_AnD and C2N_AnD categories 

 EL = {C, N, P, H, O, X, charge} 
 ZW = {12, 14, 31, 1, 16, 1, 1} 
 ThODEL = {32/12, -24/14, 40/31, 8, -16/16, 0, -8} 

CNPchem_AnD and C2NPchem_AnD categories 

 EL = {C, N, P, H, O, Fe, Cl, X, charge} 
 ZW = {12, 14, 31, 1, 16, 55.8, 35.5, 1, 1} 
 ThODEL = {32/12, -24/14, 40/31, 8, -16/16, 24/55.8, -8/35.5, 0, -8} 

CNP_AnD,C2NP_AnD and C2NP_AnD_ALG categories 

 EL = {C, N, P, H, O, Fe, Cl, Mg, K, X, charge} 
 ZW = {12, 14, 31, 1, 16, 55.8, 35.5, 24.3, 39, 1, 1} 

 
ThODEL = {32/12, -24/14, 40/31, 8, -16/16, 24/55.8, -8/35.5, 16/24.3, 8/39, 
                    0, -8} 

CNPprec_AnD and C2NPprec_AnD categories 

 EL = {C, N, P, H, O, Fe, Cl, Mg, K, Ca, X, charge} 
 ZW = {12, 14, 31, 1, 16, 55.8, 35.5, 24.3, 39, 40,  1, 1} 

 
ThODEL = {32/12, -24/14, 40/31, 8, -16/16, 24/55.8, -8/35.5, 16/24.3, 8/39, 
                    16/40, 0, -8} 
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To complete the implementation, the source/sink components must be defined. A 

source/sink component is required for each element in the stoichiometric matrix. In 

all categories, the source/sink components that guarantee the mass balance for C, H, 

O, N, P, Fe, Cl, Mg, K, Ca and Charge are respectively CO2, H2O, O2, NH4
+, H2PO4

-

, Fe+3, Cl-, Mg+2, K+1, Ca+2, and H+. Since H and O are present in several source/sink 

compounds the order applied to close the mass balance in transformations is 

important. First, the balance for C, N, P, Fe, Cl, Mg, K, and Ca must be solved (in 

any order); then, the balance for Charge, H and O in this order is solved. 

B.3. COMPONENT VECTOR 

Table B. 2, Table B. 3 and Table B. 4 compiles and describe aqueous, gaseous and 

solid phase components included in all categories. The second column of each table 

shows the category of each component (the notation used in the table is explained in 

(Fernández-Arévalo, 2016) ). 

Table B. 2 Liquid phase-components (S, soluble; X, particulate) 

No. Category Name Formula Description Unit 

1 C SH2O H2O Water steam gH2O 
2 C SO2 O2 Dissolved Oxygen gO2 
3 C SH+ H+ Protons gH 
4 C SOH- OH- Hydroxide ions gH 
5 C SH2PO4- (H2PO4)- Dihydroxy phosphate gP 
6 C SHPO4= (HPO4)= Hydroxy phosphate gP 
7 C SPO4-3 (PO4)-3 Phosphate gP 
8 C SNH4+ (NH4)+ Ammonium gN 
9 C SNH3 NH3 Ammonia gN 
10 C SCO2 CO2 Dis. Carbon dioxide gC 
11 C SHCO3- (HCO3)- Bicarbonate gC 
12 C SCO3= (CO3)= Carbonate ion gC 
13 Pprec SCa+2 Ca+2 Calcium ion gCa 
14 P SMg+2 Mg+2 Magnesium ion gMg 
15 P SK+ K+ Potassium ion gK 
16 C SSU C6H12O6 Monosaccharides gCOD 
17 C SAA C4H6.101.2N Amino acids gCOD 
18 C SFA C16O2H32 Long chain fatty acid gCOD 
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No. Category Name Formula Description Unit 

19 C SHVA C5H10O2 Valeric acid gCOD 
20 C SVA- C5H9O2

- Valerate gCOD 
21 C SHBU C4H8O2 Butyric acid gCOD 
22 C SBU- C4H7O2

- Butyrate gCOD 
23 C SHPRO C3H6O2 Propionic acid gCOD 
24 C SPRO- C3H5O2

- Propionate gCOD 
25 C SHAC C2H4O2 Acetic acid gCOD 
26 C SAC- C2H3O2- Acetate gCOD 
27 AnD SH2 H2 Hydrogen gCOD 
28 AnD SCH4 CH4 Dis. Methane gCOD 
29 C SN2 N2 Dis. Nitrogen gN 
30 2N SNO2

- NO2
- Nitrites gN 

31 2N SHNO2 HNO2 Nitrous acid gN 
32 C SNO3

- (NO3)- Nitrates gN 
33 C SI C7H9.1O2.65NP0.05 Soluble Inerts gCOD 
34 C SP C7H9.1O2.65NP0.05 Lysis sol. Product gCOD 
35 Pchem SFe+3 Fe+3 Iron (III) ion gFe 
36 Pchem SCl- Cl-1 Chloride ion gCl 
37 C XC1 C13.7H24O3.8N0.5P0.035 Composites gCOD 
38 C XC2 C5H6.9O2NP0.1 Decay complex gCOD 
39 C XCH C6H9.95O5P0.05 Carbohydrates gCOD 
40 C XPR (C4H6.1O1.2N)x Proteins gCOD 
41 C XLI C51H97.9O6P0.1 Lipids gCOD 
42 C XH C5H6.9O2NP0.1 Heterotrophic bac. gCOD 
43 N XN C5H6.9O2NP0.1 Autotropic bac. gCOD 
44 2N XAOB C5H6.9O2NP0.1 Nitrosomona bac. gCOD 
45 2N XNOB C5H6.9O2NP0.1 Nitrobacter bac. gCOD 
46 P XPAO C5H6.9O2NP0.1 Phosphorus-accumulating gCOD 
47 

P XPHA C4H6O2 
Organic storage products 
of PAO 

gCOD 

48 AnD XSU C5H6.9O2NP0.1 Sugar degrader bac. gCOD 
49 AnD XAA C5H6.9O2NP0.1 Amino-acid degrader bac. gCOD 
50 AnD XFA C5H6.9O2NP0.1 LCFA degrader bac. gCOD 
51 AnD XC4 C5H6.9O2NP0.1 Val/but degrader bac. gCOD 
52 AnD XPRO C5H6.9O2NP0.1 Propionate degrader bac. gCOD 
53 AnD XAC C5H6.9O2NP0.1 Acetate degrader bac. gCOD 
54 AnD XH2 C5H6.9O2NP0.1 Hydrogen degrader bac. gCOD 
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No. Category Name Formula Description Unit 
55 2N XAN C5H6.9O2NP0.1 Anammox bac. gCOD 

56 C XI C7H9.1O2.65NP0.05 Particulate inert gCOD 
57 C XP C7H9.1O2.65NP0.05 Lysis particulate product gCOD 
58 C XII X Inorganic inert gSS 
59 P XPP K0.33Mg0.33PO3 Polyphosphate gP 
60 ALG XALG C10.5H24.9O11N1.52P0.11 Microalgae gCOD 
61 ALG XCALG C10.5H24.9O11N1.52P0.11 

Microalgae Decay 
Complex 

gCOD 

 

Table B. 3 Gas phase components (G, gases) 

No. Category Name Formula Description Unit 

1 C GCO2 CO2 Carbon dioxide gC 
2 AnD GH2 H2 Hydrogen gCOD 
3 AnD GCH4 CH4 Methane gCOD 
4 C GNH3 NH3 Ammonia gN 
5 C GN2 N2 Nitrogen gN 
6 C GO2 O2 Oxygen gO2 
7 C GH2O H2O Water steam gH2O 

 

Table B. 4 Solid phase components (P, solids) 

No. Category Name Formula Description Unit 

1 Pprec PCaCO3 CaCO3 Calcite gSS 
2 Pprec PMgCO3 MgCO3 Magnesite gSS 
3 

Pprec 
PACP Ca3(PO4)2 Amorphous calcium 

phosphate 
gSS 

4 Pprec PSTRU MgNH4PO4·6H2O Struvite gSS 
5 Pprec PKSTRU MgKPO4·3H2O K-struvite gSS 
6 Pprec PNEW MgHPO4·3H2O Newberyite gSS 
7 Pchem PFeCl3 FeCl3 Ferric Chloride gSS 
8 Pchem PFePO4 FePO4 Ferric Phosphate gSS 
9 Pchem PFe(OH)3 Fe(OH)3 Ferric Hydroxide gSS 

Note: P category includes the components of Pchem category and Pprec category 

includes the components of P category 
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Stoichiometric formula for SI, SP, XC1, XI and XP can vary depending on the case 

study. The formulas presented in the tables for all these components have been 

calculated from the default contents of N and P given in ASM2 (Henze et al., 2000) 

and the elemental mass fractions proposed in the RWQM1 (Reichert et al., 2001). 

In the model, the XC2 component is considered to be composed mainly of biomass. 

Thus the stoichiometric formula has been assumed to be equal to the proposed 

stoichiometric formula of biomass. The stoichiometric formula of XC1 has been 

calculated from the fraction of soluble and particulate inertness, carbohydrates, lipids 

and proteins, in which XC1 is decomposed during the disintegration step. Using the 

composition and stoichiometric formula of these compounds the elemental mass 

fractions in XC1  

Finally, XCALG component is also considered to be composed mainly of its origin 

biomass, therefore the stoichiometric formula has been assumed to be equal to XALG. 

B.4. TRANSFORMATION LIST: STOICHIOMETRY AND 
KINETICS 

A comprehensive description of the stoichiometry and kinetics of all transformations 

considered in the PWM categories are presented in this section. As mentioned in 

previous sections, some requirements are needed in the transformations definition 

according to PWM specifications: 

 Stoichiometry must be defined in such a way that C, N, P, H, O, Ca, Fe, Cl, 

Mg, K mass and charge continuity is well guaranteed. 

 Kinetic equations must include the required activation/inhibition terms in 

order to describe the biological activity under different environment 

conditions. 

 Since PWM models are aimed at allowing the formulation of liquid, gaseous 

and solid phases (with different volumes) and the interactions among them, 

it has been decided for consistency to adopt mass rate units (g d-1) as the 
* to distinguish from the 

w
-3 d-1). 

Figure B. 1 shows a diagram with the transformations compiled in the global 

transformation list. As has been made for the components, the global list of 

transformations is encoded by colours, using different colours for each set of 



Transformation list: Stoichiometry and kinetics  141 
 

 

transformations (C, N, 2N, Pchem, P, Pprec, AnD and ALG). The combination of 

these groups will lead to the categories of the library (CN, CN_AnD, C2N_AnD, 

etc.). 

As discussed in (Fernández-Arévalo, 2016), this list can be expanded with additional 
transformations thanks to the flexibility offered by the methodology. 

All transformations that form the library are presented below. 

Note: The temperature (Tw) of all kinetics is expressed in ºC. 
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Figure B. 1 Transformation List (C: blue; N: grey; 2N: purple; Pchem: yellow;             
P: green; ALG: dark green; Pprec: orange; and AnD: pink) 
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B.4.1. Intracellular aerobic COD biodegradation 

Stoichiometry: 

  MSSU MSAA MSFA MSHVA MSHBU MSHPRO MSHAC MXH 

1  SSU aerobic consumption  -1       YH 

2  SAA aerobic consumption   -1      YH 

3  SFA aerobic consumption    -1     YH 

4  SHVA aerobic consumption     -1    YH 

5  SHBU aerobic consumption      -1   YH 

6  SHPRO aerobic consumption       -1  YH 

7  SHAC aerobic consumption        -1 YH 

Notice that in the above table, blank cells mean zero values; missing state-variables 

are also zero except the source/sink state-variables which must close the mass and 

charge balance in every transformation. 

 
Common factors:   

- Maximum growth rate depending on temperature: 

        

- Sum of the free forms of dissolved states in chemical equilibria: 

 

- Sums of the free forms of inorganic C, N and P in chemical equilibria: 

                    

        

- Sums of the free forms of organic VFAs in chemical equilibria: 
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- Activation terms: 

      Activation due to oxygen 

            Activation due to carbon 

            Activation due to nitrogen 

           Activation due to phosphorous 

 
Kinetic Vectors:   
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B.4.2. Intracellular aerobic total and partial nitrification 

Stoichiometry: 

    MSNO2- MSNO3- MSNH4+ MXN MXAOB MXNOB 

8  XN growth   1 -1-iN,XN·YN YN   

9  XAOB growth  1  -1-iN,XAOB·YAOB  YAOB  

10  XNOB growth  -1 1 -iN,XNOB·YNOB   YNOB 

 
Common factors:   

- Maximum growth rate depending on temperature: 

         

         

         

- Inhibition terms: 

    Inhibition of bacteria due to pH 

 
3NHXAOB,3NH,I

XAOB,3NH,I
XAOB,3NH CSK

K
I    Inhibition due to ammonia 

 
3NHXNOB,3NH,I

XNOB,3NH,I
XNOB,3NH CSK

K
I  Inhibition due to ammonia 

  Inhibition due to nitrous acid 

   Inhibition due to nitrous acid 
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Kinetic Vectors:   

 

 

 

B.4.3. Intracellular aerobic phosphorus removal 

Stoichiometry: 

    MSHVA MSHBU MSHPRO MSHAC MXPHA MXPP MXPAO 

11  XPHA storage on SHVA  -1    1 -YPO4  

12  XPHA storage on SHBU   -1   1 -YPO4  

13  XPHA storage on SHPRO    -1  1 -YPO4  

14  XPHA storage on SHAC     -1 1 -YPO4  

15  XPP aer. storage      -YPHA 1  

16  XPAO growth      -1  YPAO 

 
Common factors:   

- Maximum growth rate depending on temperature: 

         

         

- Sum of the fermentation products: 
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- Activation terms: 

      Activation due to magnesium 

    Activation due to potassium 

 

Kinetic Vectors:   

 

 

 

Note: reactions 11-14 may take place under aerobic, anoxic and anaerobic conditions.  

This is the reason why no activation/inhibition terms due to environmental 

conditions are added.  
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B.4.4. Intracellular anoxic COD biodegradation 

Stoichiometry: 

M
X

H
 

 

Y
H

,N
O

3 

Y
H

,N
O

3 

Y
H

,N
O

3 

Y
H

,N
O

3 

Y
H

,N
O

3 

Y
H

,N
O

3 

Y
H

,N
O

3 

Y
H

,N
O

3 

Y
H

,N
O

3 

Y
H

,N
O

3 

Y
H

,N
O

3 

Y
H

,N
O

3 

Y
H

,N
O

3 

Y
H

,N
O

3 

Y
H

,N
O

2 

Y
H

,N
O

2 

Y
H

,N
O

2 

Y
H

,N
O

2 

Y
H

,N
O

2 

Y
H

,N
O

2 

Y
H

,N
O

2 

M
X

N
O

3 

 

(Y
H

,N
O

3 
- 

1)
 ·

   
 

Z
W

N
 / 

 
[T

hO
D

(S
N

2)
 ·

  
Z

W
N
 -

   
T

hO
D

(S
N

O
3- ) 

· 
M

W
S

N
O

3- ] 

(Y
H

,N
O

3,
2N

 - 
1)

 ·
   

 
Z

W
N
 / 

[T
hO

D
(S

N
O

2- ) 
· 

 
M

W
S

N
O

2-  - 
T

hO
D

(S
N

O
3- ) 

· 
M

W
S

N
O

3- ] 

 

M
S N

O
2
 

  

(1
 -

 Y
H

,N
O

3,
2N

 ) 
· 

  
Z

W
N
 / 

[T
hO

D
(S

N
O

2- ) 
· 

 
M

W
S

N
O

2-  - 
T

hO
D

(S
N

O
3- ) 

· 
M

W
S

N
O

3- ] 

(Y
H

,N
O

2 
- 

1)
 ·

   
 

Z
W

N
 / 

 
[T

hO
D

(S
N

2)
 ·

  
Z

W
N
 -

   
T

hO
D

(S
N

O
2- ) 

· 
M

W
S

N
O

2- ] 

M
S N

2 

 

(1
 -

 Y
H

,N
O

3)
·Z

W
N
 / 

[T
hO

D
(S

N
2)

 ·
  

Z
W

N
 -

  
T

hO
D

(S
N

O
3- ) 

· 
M

W
S

N
O

3- ] 

 

(1
 -

 Y
H

,N
O

2-
) 

· 
   

Z
W

N
 / 

 
[T

hO
D

(S
N

2)
 ·

  
Z

W
N
 -

   
T

hO
D

(S
N

O
2- ) 

· 
M

W
S

N
O

2- ] 

M
S H

A
C
 

       -1
       -1
       -1
 

M
S H

P
R

O
 

      -1
       -1
       -1
  

M
S H

B
U
 

     -1
       -1
       -1
   

M
S H

V
A
 

    -1
       -1
       -1
    

M
S F

A
 

   -1
       -1
       -1
     

M
S A

A
 

  -1
       -1
       -1
      

M
S S

U
 

 -1
       -1
       -1
       

 

S S
U
 c

on
su

m
. w

ith
 N

O
X
 

S A
A
 c

on
su

m
. w

ith
 N

O
X
 

S F
A

 c
on

su
m

. w
ith

 N
O

X
 

S H
V

A
 c

on
su

m
. w

ith
 N

O
X
 

S H
B

U
 c

on
su

m
. w

ith
 N

O
X
 

S H
P

R
O

 c
on

su
m

. w
ith

 N
O

X
 

S H
A

C
 c

on
su

m
. w

ith
 N

O
X
 

S S
U
 c

on
su

m
. w

ith
 N

O
2 

S A
A
 c

on
su

m
. w

ith
 N

O
2 

S F
A

 c
on

su
m

. w
ith

 N
O

2 

S H
V

A
 c

on
su

m
. w

ith
 N

O
2 

S H
B

U
 c

on
su

m
. w

ith
 N

O
2 

S H
P

R
O

 c
on

su
m

. w
ith

 N
O

2 

S H
A

C
 c

on
su

m
. w

ith
 N

O
2 

S S
U
 c

on
su

m
. w

ith
 N

O
3 

S A
A
 c

on
su

m
. w

ith
 N

O
3 

S F
A

 c
on

su
m

. w
ith

 N
O

3 

S H
V

A
 c

on
su

m
. w

ith
 N

O
3 

S H
B

U
 c

on
su

m
. w

ith
 N

O
3 

S H
P

R
O

 c
on

su
m

. w
ith

 N
O

3 

S H
A

C
 c

on
su

m
. w

ith
 N

O
3 

 17
 

18
 

19
 

20
 

21
 

22
 

23
 

24
 

25
 

26
 

27
 

28
 

29
 

30
 

31
 

32
 

33
 

34
 

35
 

36
 

37
 



Transformation list: Stoichiometry and kinetics  149 
 

 

Common factors:   

- Inhibition/Activation terms: 

      Inhibition due to oxygen 

     Activation due to nitrates 

     Activation due to nitrites 

 
Kinetic Vectors:   
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B.4.5. Intracellular anoxic Anammox bacteria activity 

Stoichiometry: 

    MSNO2- MSNO3- MSNH4+ MSN2 MXAN 

38  XAN growth  -1.3 0.239 -1 2.056 YAN 

 
Common factors:   

- Maximum growth rate depending on temperature: 

        15.29315.273TR

20T
70000

)Cº20T(XAN,mXAN,m
w

w

ekk  
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Kinetic Vectors:   

 

B.4.6. Intracellular anoxic phosphorus removal 

Stoichiometry: 

    MSN2 MSNO3- MXPHA MXPP MXPAO 

39  XPP anox. storage 

 - YPHA ·ZWN / [ThOD(SN2) · 
ZWN - ThOD(SNO3

-) · 
MWSNO3

-] 

YPHA ·ZWN / [ThOD(SN2) · 
ZWN - ThOD(SNO3

-) · 
MWSNO3

-] 
-YPHA 1  

40  XPAO anox. growth 

 (1 - YH,NO3)·ZWN / 
[ThOD(SN2) · ZWN - 

ThOD(SNO3
-) · MWSNO3

-] 

(YH,NO3 - 1) ·ZWN / 
[ThOD(SN2) · ZWN - 

ThOD(SNO3
-) · MWSNO3

-] 
-1  YPAO 

 

Common factors:  

- Activation terms: 

 Activation due to NOX 

 

Kinetic Vectors:   
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B.4.7. Intracellular anaerobic Acidogenesis 

Stoichiometry: 

    MSSU MSAA MSHVA MSHBU MSHPRO MSHAC MSH2 MXSU MXAA 

41  SSU acidogenesis 
 

-1   
(1-YSU) · 

fBU,SU 
(1-YSU) · 

fPRO,SU 
(1-YSU) · 

fAC,SU 
(1-YSU) · 

fH2,SU 
YSU  

42  SAA acidogenesis 
 

 -1 
(1-YAA) · 

fVA,AA 
(1-YAA) · 

fBU,AA 
(1-YAA) · 

fPRO,AA 
(1-YAA) · 

fAC,AA 
(1-YAA) · 

fH2,AA 
 YAA 

 
Common factors:   

- Maximum growth rate depending on temperature: 

 

- Saturation constants depending on temperature: 

 

 

- Inhibition/Activation terms: 

   Inhibition due to nitrates and nitrites 

    Inhibition due to pH of acidogenesis 

   and acetogenesis transformations 

Kinetic Vectors:   
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B.4.8. Intracellular anaerobic Acetogenesis 

Stoichiometry: 

    MSFA MSHVA MSHBU MSHPRO MSHAC MSH2 MXFA MXC4 MXPRO 

43  SFA acetogenesis 
 

-1    
(1-YFA) · 

fAC,FA 
(1-YFA) · 

fH2,FA 
YFA   

44  SHVA acetogenesis 
 

 -1  
(1-YC4) · 
fPRO,VA 

(1-YC4) · 
fAC,C4 

(1-YC4) · 
fH2,C4 

 YC4  

45  SHBU acetogenesis 
 

  -1  
(1-YC4) · 

fAC,C4 
(1-YC4) · 

fH2,C4 
 YC4  

46  SHPRO acetogenesis 
 

   -1 
(1-YPRO) · 

fAC,PRO 
(1-YPRO) · 

fH2,PRO 
  YPRO 

 
Common factors:   

- Maximum growth rate depending on temperature: 

 

- Saturation constants depending on temperature: 

 

 

- Inhibition constants depending on temperature: 
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- Inhibition/Activation terms: 

 Inhibition of acetogenesis on fatty acids 

due to hydrogen 

 Inhibition of acetogenesis on 

butyrate/valerate due to hydrogen 

  Inhibition of acetogenesis on propionate 

due to hydrogen 
 

Kinetic Vectors:   
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B.4.9. Intracellular anaerobic Methanogenesis 

Stoichiometry: 

    MSHAC MSH2 MSCH4 MXAC MXH2 

47  Acetoclastic Methanogenesis  -1  1-YAC 1-YAC  

48  Hydrogenotrophic Methanogenesis   -1 1- YH2  YH2 

Common factors:   

- Maximum growth rate depending on temperature: 

 

- Saturation constants depending on temperature: 

 

 

- Inhibition constants depending on temperature: 

 

- Inhibition/Activation terms: 

 Inhibition due to NH3 

 Inhibition of acetoclastic methanogenesis 

due to pH 

 Inhibition of hydrogenotrophic 

methanogenesis due to pH 
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Kinetic Vectors:   

 

 

B.4.10. Extracellular enzymatic composite disintegration 

Stoichiometry: 

    MSI MXC1 MXCH MXPR MXLI MXI 

49  XC1 aerobic disintegration  fSI,XC1 -1 fCH,XC1 fPR,XC1 fLI,XC1 fXI,XC1 

50  XC1 anoxic disintegration  fSI,XC1 -1 fCH,XC1 fPR,XC1 fLI,XC1 fXI,XC1 

51  XC1 anaerobic disintegration  fSI,XC1 -1 fCH,XC1 fPR,XC1 fLI,XC1 fXI,XC1 

 
Common factors:   

- Maximum growth rate depending on temperature: 

 

 

 

Kinetic Vectors:   
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B.4.11. Extracellular enzymatic biomass disintegration 

Stoichiometry: 

    MSP MXC2 MXCH MXPR MXLI MXP 

52  XC2 aerobic disintegration  fSP,XC2 -1 fCH,XC2 fPR,XC2 fLI,XC2 fXP,XC2 

53  XC2 anoxic disintegration  fSP,XC2 -1 fCH,XC2 fPR,XC2 fLI,XC2 fXP,XC2 

54  XC2 anaerobic disintegration  fSP,XC2 -1 fCH,XC2 fPR,XC2 fLI,XC2 fXP,XC2 

 
Common factors:   

- Maximum growth rate depending on temperature: 

 

 

Kinetic Vectors:   

 

 

 

B.4.12. Extracellular biomass thermal disintegration 

Stoichiometry: 

    MSP MXC1 MXCH MXPR MXLI MXP 

55  XC2 thermal disintegration  fSP,XC2,TH -1 fCH,XC2,TH fPR,XC2,TH fLI,XC2,TH fXP,XC2,TH 
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Common factors:   

- Maximum growth rate depending on temperature: 

 

- Input components concentration correction considering the water variations in 

the unit (*c): 

 

Kinetic Vectors:   

 

where NBiom is the number of biomasses in the category selected.   

B.4.13. Extracellular XI and XP thermal disintegration 

Stoichiometry: 

    MSI MSP MXCH MXPR MXLI MXI MXP 

56  XI thermal disintegration  fSI,XI,TH  fCH,XI,TH fPR,XI,TH fLI,XI,TH -1  

57  XP thermal disintegration   fSP,XP,TH fCH,XP,TH fPR,XP,TH fLI,XP,TH  -1 

 

Common factors:   

- Maximum growth rate depending on temperature: 

 

 

 

Kinetic Vectors:   
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B.4.14. Extracellular enzymatic hydrolysis 

Stoichiometry: 

    MSSU MSAA MSFA MXCH MXPR MXLI 

58  XCH hydrolysis  1   -1   

59  XPR hydrolysis   1   -1  

60  XLI hydrolysis  1-fFA,LI  fFA,LI   -1 

61  XCH hydrolysis  1   -1   

62  XPR hydrolysis   1   -1  

63  XLI hydrolysis  1-fFA,LI  fFA,LI   -1 

64  XCH hydrolysis  1   -1   

65  XPR hydrolysis   1   -1  

66  XLI hydrolysis  1-fFA,LI  fFA,LI   -1 

 

Common factors:   

- Maximum growth rate depending on temperature: 
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Kinetic Vectors:   
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B.4.15. Biomass decay 

Stoichiometry: 
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Common factors:   

- Maximum decay rate depending on temperature: 
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Kinetic Vectors:  
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B.4.16. Lysis of products stored in XPAO 

Stoichiometry: 

    MSHVA MSHBU MSHPRO MSHAC MXPHA MXPP 

106-108-110  XPHA lysis  fVA,PHA fBU,PHA fPRO,PHA fAC,PHA -1  

107-109-111  XPP lysis       -1 

Common factors:   

- Maximum growth rate depending on temperature: 

 



Transformation list: Stoichiometry and kinetics  167 
 

 

 

 

 

Kinetic Vectors:  
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B.4.17. Acid-Base equilibria 

Stoichiometry: 
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Common factors:   

- Acid-base equilibrium constants: 

       H+-OH- equilibrium 

            H2PO4
--HPO4

= equilibrium 

          HPO4
=-PO4

-3 equilibrium 

                 NH4
+-NH3 equilibrium 

            HNO2-NO2
- equilibri. 

               CO2
--HCO3

- equilibrium 

        
15.273T

1

15.298

1

314.8

14869

)Cº25T(IC,2aIC,2a
weKK  HCO3

--CO3
= equilibrium 

 

Kinetic Vectors:  
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B.4.18. Ammonia and phosphorous phototrophic microalgae 
growth 

Stoichiometry: 

    MXALG 

123  Growth of XALG on SNH4+  1 

 

Common factors: 

- Maximum growth rate depending on temperature: 

 

- Activation terms: 

 

 

 

- Photorespiration factor: 
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- Light attenuation factor: 

 

 

- Light factor : 

  

Kinetic Vectors:  

 

B.4.19. Nitrate and phosphorous phototropic microalgae growth 

Stoichiometry: 

    MSNO3- MXALG 

124  Growth of XALG on SNO3-  -iN,XALG 1 

Common factors: 

- Activation terms: 

 

- Inhibition terms: 

 

Kinetic Vectors:  

 

B.4.20. Microalgae decay 

Stoichiometry: 

    MXALG MXCALG 

125  Decay of XALG  -1 1 
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Common factors: 

- Maximum decay rate depending on temperature: 

 

Kinetic Vectors:  

 

B.4.21. Extracellular microalgae composite disintegration 

Stoichiometry: 

    MSP MXCALG MXCH MXPR MXLI MXP 

126  XCALG aerobic disintegration  fSP,XCALG -1 fCH,XCALG fPR,XCALG fLI,XCALG fXP,XCALG 

127  XCALG anoxic disintegration  fSP,XCALG -1 fCH,XCALG fPR,XCALG fLI,XCALG fXP,XCALG 

128  XCALG anaerobic disintegration  fSP,XCALG -1 fCH,XCALG fPR,XCALG fLI,XCALG fXP,XCALG 

Common factors: 

- Maximum disintegration rate depending on temperature: 

 

 

 

Kinetic Vectors:  

 

 

 

B.4.22. CxHyOzNaPb combustion 

Stoichiometry: 

    MSO2 MSCO2 MSPO4-3 MSN2 MSH2O MCxHyOzNaPb 

1  CxHyOzNaPb combustion 
 

 x b   -1 
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Note: Instantaneous reaction (without kinetic) to describe the combustion of any 

component of the model.   

B.4.23. Liquid-Gas transfers 

B.4.23.1 Liquid-off-gas transfer 

Stoichiometry: 

    MSH2O MSO2 MSNH3 MSCO2 MSCH4 MSH2 MSN2 MGH2O MGO2 MGNH3 MGCO2 MGCH4 MGH2 MGN2 

1  CO2 diss.     1       -1    

2  O2 diss.   1       -1      

3  H2O eva.  -1       1       

4  NH3 diss.    1       -1     

5  CH4 diss.      1       -1   

6  N2 diss.        1       -1 

7  H2 diss.       1       -1  

Common factors:   

-  

   for CO2 

  for O2 

  for NH3 

  for CH4 

  for N2 

  for H2 
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Kinetic Vectors:  

 

 

 

 

 

 

 

where pg,comp is the partial pressure of the corresponding component in the gas phase.   

B.4.23.2 Liquid-gas hold-up transfer 

Stoichiometry: 

    MSH2O MSO2 MSNH3 MSCO2 MSCH4 MSH2 MSN2 MGH2O MGO2 MGNH3 MGCO2 MGCH4 MGH2 MGN2 

1  CO2 diss.     1       -1    

2  O2 diss.   1       -1      

3  H2O eva.  -1       1       

4  NH3 diss.    1       -1     

5  CH4 diss.      1       -1   

6  N2 diss.        1       -1 

7  H2 diss.       1       -1  

Kinetic Vectors:  
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where pghu,comp is the partial pressure of the corresponding component in the bubble 

gas phase.   

B.4.24. Liquid-Solid transfers 

Stoichiometry: 

    MSOH MPCaCO3 MPMgCO3 MPACP MPSTRU MPKSTRU MPNEW MPFeCl3 MPFePO4 MPFe(OH)3 

1  FeCl3 dissol.         -162.15   

2  FePO4 precip/red..          +150.8  

3  
Fe(OH)3 
precip/red. 

 
-3         +106.85 

4  Calcite precip/red.   100         

5  Magnesite p/r.    84.3        

6  ACP precip/red.     246       

7  Struvite prec./red.      245      

8  K-Struvite p/r.       153.3     

9  Newberyite p/r.        120    

 

Common factors:   

- Solubility products depending on temperature: 
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Note: The enthalpy change of reaction ( Hr) of PKSTRU and PNEW is unknown. 

Kinetic Vectors:  
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B.5. STOICHIOMETRIC AND KINETIC PARAMETERS 

A description of the stoichiometry and kinetic parameters of all transformations 

considered in the PWM categories are presented in this section.  

Table B. 5 Stoichiometric parameters 

Param. Description Units 
Default 
Value 

Ref. 

fAC,AA Acetate from amino acids --- 0.4 [1] 
fAC,BU Acetate from Butyrate --- 0.8 [1] 

fAC,FA Acetate from fatty acids --- 0.7 [1] 

fAC,PHA Acetate from PHA --- 0.4 [2] 

fAC,PRO Acetate from propionate --- 0.57 [1] 

fAC,SU Acetate from sugars --- 0.41 [1] 

fAC,VA Acetate from valerate --- 0.31 [1] 

fBU,AA Butyrate from amino acids --- 0.26 [1] 

fBU,PHA Butyrate from PHA --- 0.1 [2] 

fBU,SU Butyrate from sugars --- 0.13 [1] 

fCH,XC1 Carbohydrates from composite ---  [*] 

fCH,XC2 Carbohydrates from decay complex ---  [*] 

fCH,XC2,TH Carbohydrates from decay complex in TH process ---  [*] 

fCH,XI,TH Carbohydrates from XI in TH process ---  [*] 

fCH,XP,TH Carbohydrates from XP in TH process ---  [*] 

fCH,XCALG Carbohydrates from microalgae decay complex --- 0.20 [*] 

fFA,LI Fatty acids from lipids --- 0.95 [1] 

fH2,AA Hydrogen from amino acids --- 0.06 [1] 

fH2,BU Hydrogen from butyrate --- 0.2 [1] 

fH2,FA Hydrogen from fatty acids --- 0.3 [1] 

fH2,PRO Hydrogen from propionate --- 0.43 [1] 

fH2,SU Hydrogen from sugars --- 0.19 [1] 

fH2,VA Hydrogen from valerate --- 0.15 [1] 

fLI,XC1 Lipids from composite ---  [*] 

fLI,XC2 Lipids from decay complex ---  [*] 

fLI,XC2,TH Lipids from decay complex in TH process ---  [*] 

fLI,XI,TH Lipids from XI in TH process ---  [*] 

fLI,XP,TH Lipids from XP in TH process ---  [*] 

fLI,XCALG Lipids from microalgae decay complex --- 0.1790 [*] 

fPR,XC1 Proteins from composite ---  [*] 

fPR,XC2 Proteins from decay complex ---  [*] 

fPR,XC2,TH Proteins from decay complex in TH process ---  [*] 

fPR,XI,TH Proteins from XI in TH process ---  [*] 

fPR,XP,TH Proteins from XP in TH process ---  [*] 

fPR,XCALG Proteins from microalgae decay complex --- 0.5191 [*] 

fPRO,AA Propionate from amino acids --- 0.05 [1] 

fPRO,PHA Propionate from PHA --- 0.4 [2] 

fPRO,SU Propionate from sugars --- 0.27 [1] 
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Param. Description Units 
Default 
Value 

Ref. 

fPRO,VA Propionate from valerate --- 0.54 [1] 
fSI,XC1 Lysis sol. Product from composite ---  [*] 

fSI,XI,TH Lysis sol. Product from XI in TH process ---  [*] 

fSP,XC2 Lysis sol. Product from decay complex ---  [*] 

fSP,XC2,TH Lysis sol. Product from decay complex in TH 
process 

---  [*] 

fSP,XP,TH Lysis sol. Product from XP in TH process ---  [*] 

fSP,XCALG Lysis sol. Product from microalgae decay --- 0.005 [*] 

fXI,XC1 Lysis particulate product from composite ---  [*] 

fXP,XC2 Lysis particulate product from decay complex ---  [*] 

fXP,XC2,TH Lysis particulate product from decay complex in TH 
process 

---  [*] 

fXP,XCALG Lysis particulate product from microalgae decay 
complex 

--- 0.1 [*] 

fVA,AA Valerate from amino acids --- 0.23 [1] 

fVA,PHA Valerate from PHA --- 0.1 [2] 

YAA XAA biomass Yield gCODX gCODS
-1 0.08 [1] 

YAC XAC biomass Yield gCODX gCODS
-1 0.05 [1] 

YAN Anammox Biomass Yield gCODX gN-1 0.159 [3] 

YAOB Ammonia Oxidising Biomass Yield gCODX gN-1 0.16 [4] 

YC4 XC4 Biomass Yield gCODX gCODS
-1 0.06 [1] 

YFA XFA Biomass Yield gCODX gCODS
-1 0.06 [1] 

YH Heterotrophic Biomass Yield gCODX gCODS
-1 0.67 [5] 

YH,NO2 Heterotrophic Biomass Yield gCODX gCODS
-1 0.53 [6] 

YH,NO3 Heterotrophic Biomass Yield gCODX gCODS
-1 0.67 [5] 

YH,NO3,2N Heterotrophic Biomass Yield gCODX gCODS
-1 0.53 [7] 

YH2 XH2 biomass Yield gCODX gCODS
-1 0.06 [1] 

YN Ammonia Oxidising Biomass Yield gCODX gN-1 0.24 [8] 

YNOB Nitrite Oxidising Biomass Yield gCODX gN-1 0.08 [4] 

YPAO Phosphorus accumulating organisms Yield gCODX gCOD-1 0.625 [5] 

YPHA PHA requirement for  PP storage gCODX gP-1 0.2 [5] 

YPO4 PP requirement (PO4 release) per PHA storage gP gCOD-1 0.4 [5] 

YPRO XPRO Biomass Yield gCODX gCODS
-1 0.04 [1] 

YSU XSU biomass Yield gCODX gCODS
-1 0.1 [1] 

[1] (Batstone et al., 2002); [2] (Flores-Alsina et al., 2016); [3] (Strous et al., 1998); [4] (Jubany et al., 2008); 

[5] (Henze et al., 2000); [6] (Ganigué et al., 2010); [7] (Muller et al., 2003); [8] (Pambrun et al., 2006) ;  

[*] Estimated values; 

. 
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Table B. 6 Biochemical kinetic parameters 

Param. Description Units 
Default 
Value 

Ref. 

A(T=20ºC) Activation/deactivation term at 20 ºC (1 or --- 1 - 
A(T=35ºC) Activation/deactivation term at 35 ºC (1 or 

0)
--- 0 - 

A(T=55ºC) Activation/deactivation term at 55 ºC (1 or 
0)

--- 0 - 

A(TH) Activation/ inhibition term for TH reactions --- 0 - 

fdec Biomass decay fraction in TH process  ---  [*] 

fdis XC2 disintegration fraction in TH process  ---  [*] 

fXC2,conv XC2 conversion fraction in TH process  ---  [*] 

fXI,conv XI conversion fraction in TH process  ---  [*] 

fXP,conv XP conversion fraction in TH process  ---  [*] 

kdec,XAA,AER(T=20ºC) XAA bacteria decay rate in aerobic 
conditions at 20 ºC 

d-1 0.2 [*] 

kdec,XAA,AER(T=35ºC) XAA bacteria decay rate in aerobic 
conditions at 35 ºC 

d-1 0.02 [*] 

kdec,XAA,ANAER(T=20ºC) XAA bacteria decay rate in anaerobic 
conditions at 20 ºC 

d-1 0.2 [*] 

kdec,XAA,ANAER(T=35ºC) XAA bacteria decay rate in anaerobic 
conditions at 35 ºC 

d-1 0.02 [1] 

kdec,XAA,ANOX(T=20ºC) XAA bacteria decay rate in anoxic conditions 
at 20 ºC 

d-1 0.2 [*] 

kdec,XAA,ANOX(T=35ºC) XAA bacteria decay rate in anoxic conditions 
at  35 ºC 

d-1 0.02 [*] 

kdec,XAC,AER(T=20ºC) XAC bacteria decay rate in aerobic 
conditions at 20 ºC 

d-1 0.2 [*] 

kdec,XAC,AER(T=35ºC) XAC bacteria decay rate in aerobic 
conditions at 35 ºC 

d-1 0.02 [*] 

kdec,XAC,ANAER(T=20ºC) XAC bacteria decay rate in anaerobic 
conditions at 20 ºC 

d-1 0.2 [*] 

kdec,XAC,ANAER(T=35ºC) XAC bacteria decay rate in anaerobic 
conditions at 35 ºC 

d-1 0.02 [1] 

kdec,XAC,ANOX(T=20ºC) XAC bacteria decay rate in anoxic conditions 
at 20 ºC 

d-1 0.2 [*] 

kdec,XAC,ANOX(T=35ºC) XAC bacteria decay rate in anoxic conditions 
at 35 ºC 

d-1 0.02 [*] 

kdec,XAOB,AER(T=20ºC) XAOB bacteria decay rate in aerobic 
conditions at 20 ºC 

d-1 0.05 [2] 

kdec,XAOB,ANAER(T=20ºC) XAOB bacteria decay rate in anaerobic 
conditions at 20 ºC 

d-1 0.05 [2] 

kdec,XAOB,ANOX(T=20ºC) XAOB bacteria decay rate in anoxic 
conditions at 20 ºC 

d-1 0.05 [2] 

kdec,XAN,AER(T=20ºC) XAN bacteria decay rate in aerobic 
conditions at 20 ºC 

d-1 0.05 [2] 

kdec,XAN,ANAER(T=20ºC) XAN bacteria decay rate in anaerobic 
conditions at 20 ºC 

d-1 0.05 [2] 

kdec,XAN,ANOX(T=20ºC) XAN bacteria decay rate in anoxic conditions 
at 20 ºC 

d-1 0.05 [2] 

kdec,XC4,AER(T=20ºC) XC4 bacteria decay rate in aerobic 
conditions at  20 ºC 

d-1 0.2 [*] 
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Param. Description Units 
Default 
Value 

Ref. 

kdec,XC4,AER(T=35ºC) XC4 bacteria decay rate in aerobic 
conditions at 35 ºC 

d-1 0.02 [*] 

kdec,XC4,ANAER(T=20ºC) XC4 bacteria decay rate in anaerobic 
conditions at  20 ºC 

d-1 0.2 [*] 

kdec,XC4,ANAER(T=35ºC) XC4 bacteria decay rate in anaerobic 
conditions at  35 ºC 

d-1 0.02 [1] 

kdec,XC4,ANOX(T=20ºC) XC4 bacteria decay rate in anoxic conditions 
at  20 ºC 

d-1 0.2 [*] 

kdec,XC4,ANOX(T=35ºC) XC4 bacteria decay rate in anoxic conditions 
at  35 ºC 

d-1 0.02 [*] 

kdec,XFA,AER(T=20ºC) XFA bacteria decay rate in aerobic 
conditions at  20 ºC 

d-1 0.2 [*] 

kdec,XFA,AER(T=35ºC) XFA bacteria decay rate in aerobic 
conditions at 35 ºC 

d-1 0.02 [*] 

kdec,XFA,ANAER(T=20ºC) XFA bacteria decay rate in anaerobic 
conditions at  20 ºC 

d-1 0.2 [*] 

kdec,XFA,ANAER(T=35ºC) XFA bacteria decay rate in anaerobic 
conditions at  35 ºC 

d-1 0.02 [1] 

kdec,XFA,ANOX(T=20ºC) XFA bacteria decay rate in anoxic conditions 
at  20 ºC 

d-1 0.2 [*] 

kdec,XFA,ANOX(T=35ºC) XFA bacteria decay rate in anoxic conditions 
at  35 ºC 

d-1 0.02 [*] 

kdec,XH,AER(T=20ºC) XH bacteria decay rate in aerobic conditions 
at  20 ºC 

d-1 0.62 [3] 

kdec,XH,AER(T=35ºC) XH bacteria decay rate in aerobic conditions 
at  35 ºC 

d-1 0.5 [*] 

kdec,XH,ANAER(T=20ºC) XH bacteria decay rate in anaerobic 
conditions at  20 ºC 

d-1 0.4 [3] 

kdec,XH,ANAER(T=35ºC) XH bacteria decay rate in anaerobic 
conditions at  35 ºC 

d-1 500 [*] 

kdec,XH,ANOX(T=20ºC) XH bacteria decay rate in anoxic conditions 
at   20 ºC 

d-1 0.62 [3] 

kdec,XH,ANOX(T=35ºC) XH bacteria decay rate in anoxic conditions 
at   35 ºC 

d-1 0.5 [*] 

kdec,XH2,AER(T=20ºC) XH2 bacteria decay rate in aerobic 
conditions at  20 ºC 

d-1 0.2 [*] 

kdec,XH2,AER(T=35ºC) XH2 bacteria decay rate in aerobic 
conditions at 35 ºC 

d-1 0.02 [*] 

kdec,XH2,ANAER(T=20ºC) XH2 bacteria decay rate in anaerobic 
conditions at  20 ºC 

d-1 0.2 [*] 

kdec,XH2,ANAER(T=35ºC) XH2 bacteria decay rate in anaerobic 
conditions at  35 ºC 

d-1 0.02 [1] 

kdec,XH2,ANOX(T=20ºC) XH2 bacteria decay rate in anoxic conditions 
at  20 ºC 

d-1 0.2 [*] 

kdec,XH2,ANOX(T=35ºC) XH2 bacteria decay rate in anoxic conditions 
at  35 ºC 

d-1 0.02 [*] 

kdec,XN,AER(T=20ºC) XN bacteria decay rate in aerobic conditions 
at  20 ºC 

d-1 0.2 [3] 

kdec,XN,AER(T=35ºC) XN bacteria decay rate in aerobic conditions 
at  35 ºC 

d-1 500 [*] 
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Param. Description Units 
Default 
Value 

Ref. 

kdec,XN,ANAER(T=20ºC) XN bacteria decay rate in anaerobic 
conditions at 20 ºC 

d-1 0.15 [3] 

kdec,XN,ANAER(T=35ºC) XN bacteria decay rate in anaerobic 
conditions at 35 ºC 

d-1 500 [*] 

kdec,XN,ANOX(T=20ºC) XN bacteria decay rate in anoxic conditions 
at  20 ºC 

d-1 0.2 [3] 

kdec,XN,ANOX(T=35ºC) XN bacteria decay rate in anoxic conditions 
at 35 ºC 

d-1 500 [*] 

kdec,XNOB,AER(T=20ºC) XNOB bacteria decay rate in aerobic 
conditions at 20 ºC 

d-1 0.033 [2] 

kdec,XNOB,ANAER(T=20ºC) XNOB bacteria decay rate in anaerobic 
conditions at 20 ºC 

d-1 0.033 [2] 

kdec,XNOB,ANOX(T=20ºC) XNOB bacteria decay rate in anoxic 
conditions at 20 ºC 

d-1 0.033 [2] 

kdec,XPAO,AER(T=20ºC) XPAO bacteria decay rate in aerobic 
conditions at 20 ºC 

d-1 0.2 [3] 

kdec,XPAO,AER(T=35ºC) XPAO bacteria decay rate in aerobic 
conditions at 35 ºC 

d-1 0.2 [*] 

kdec,XPAO,ANAER(T=20ºC) XPAO bacteria decay rate in anaerobic 
conditions at 20 ºC 

d-1 0.2 [3] 

kdec,XPAO,ANAER(T=35ºC) XPAO bacteria decay rate in anaerobic 
conditions at 35 ºC 

d-1 0.2 [*] 

kdec,XPAO,ANOX(T=20ºC) XPAO bacteria decay rate in anoxic 
conditions at  20 ºC 

d-1 0.2 [3] 

kdec,XPAO,ANOX(T=35ºC) XPAO bacteria decay rate in anoxic 
conditions at  35 ºC 

d-1 0.2 [*] 

kdec,XPHA,AER(T=20ºC) XPHA bacteria decay rate in aerobic 
conditions at 20 ºC 

d-1 0.2 [3] 

kdec,XPHA,AER(T=35ºC) XPHA bacteria decay rate in aerobic 
conditions at 35 ºC 

d-1 0.02 [*] 

kdec,XPHA,ANAER(T=20ºC) XPHA bacteria decay rate in anaerobic 
conditions at 20 ºC 

d-1 0.2 [3] 

kdec,XPHA,ANAER(T=35ºC) XPHA bacteria decay rate in anaerobic 
conditions at 35 ºC 

d-1 0.02 [*] 

kdec,XPHA,ANOX(T=20ºC) XPHA bacteria decay rate in anoxic 
conditions at 20 ºC 

d-1 0.2 [3] 

kdec,XPHA,ANOX(T=35ºC) XPHA bacteria decay rate in anoxic 
conditions at 35 ºC 

d-1 0.02 [*] 

kdec,XPP,AER(T=20ºC) XPHA bacteria decay rate in aerobic 
conditions at 20 ºC 

d-1 0.2 [3] 

kdec,XPP,AER(T=35ºC) XPHA bacteria decay rate in aerobic 
conditions at35 ºC 

d-1 0.02 [*] 

kdec,XPP,ANAER(T=20ºC) XPHA bacteria decay rate in anaerobic 
conditions at 20 ºC 

d-1 0.2 [3] 

kdec,XPP,ANAER(T=35ºC) XPHA bacteria decay rate in anaerobic 
conditions at 35 ºC 

d-1 0.02 [*] 

kdec,XPP,ANOX(T=20ºC) XPHA bacteria decay rate in anoxic 
conditions at 20 ºC 

d-1 0.2 [3] 

kdec,XPP,ANOX(T=35ºC) XPHA bacteria decay rate in anoxic 
conditions at 35 ºC 

d-1 0.02 [*] 
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Param. Description Units 
Default 
Value 

Ref. 

kdec,XPRO,AER(T=20ºC) XPRO bacteria decay rate in aerobic 
conditions at  20 ºC 

d-1 0.2 [*] 

kdec,XPRO,AER(T=35ºC) XPRO bacteria decay rate in aerobic 
conditions at 35 ºC 

d-1 0.02 [*] 

kdec,XPRO,ANAER(T=20ºC) XPRO bacteria decay rate in anaerobic 
conditions at  20 ºC 

d-1 0.2 [*] 

kdec,XPRO,ANAER(T=35ºC) XPRO bacteria decay rate in anaerobic 
conditions at  35 ºC 

d-1 0.02 [1] 

kdec,XPRO,ANOX(T=20ºC) XPRO bacteria decay rate in anoxic 
conditions at  20 ºC 

d-1 0.2 [*] 

kdec,XPRO,ANOX(T=35ºC) XPRO bacteria decay rate in anoxic 
conditions at  35 ºC 

d-1 0.02 [*] 

kdec,XSU,AER(T=20ºC) XSU bacteria decay rate in aerobic 
conditions at  20 ºC 

d-1 0.2 [*] 

kdec,XSU,AER(T=35ºC) XSU bacteria decay rate in aerobic 
conditions at  35 ºC 

d-1 0.02 [*] 

kdec,XSU,ANAER(T=20ºC) XSU bacteria decay rate in anaerobic 
conditions at  20 ºC 

d-1 0.2 [*] 

kdec,XSU,ANAER(T=35ºC) XSU bacteria decay rate in anaerobic 
conditions at  35 ºC 

d-1 0.02 [1] 

kdec,XSU,ANOX(T=20ºC) XSU bacteria decay rate in anoxc conditions 
at  20 ºC 

d-1 0.2 [*] 

kdec,XSU,ANOX(T=35ºC) XSU bacteria decay rate in anoxic conditions 
at  35 ºC 

d-1 0.02 [*] 

kdec,XALG(T=20ºC) XALG (microalgae biomass) decay constant d-1 0.1 [17] 

kdis,AER,XC1(T=20ºC) Disintegration rate of XC1 in aerobic 
conditions at 20 ºC 

d-1 500 [*] 

kdis,AER,XC1(T=35ºC) Disintegration rate of XC1 in aerobic 
conditions at 35 ºC 

d-1 1.18 [*] 

kdis,AER,XC2(T=20ºC) Disintegration rate of XC2 in aerobic 
conditions at 20 ºC 

d-1 500 [*] 

kdis,AER,XC2(T=35ºC) Disintegration rate of XC2 in aerobic 
conditions at 35 ºC 

d-1 0.68 [*] 

kdis,AER,XCALG(T=20ºC) Disintegration rate of XCALG in aerobic 
conditions at 20 ºC 

d-1 500 [*] 

kdis,ANAER,XC1(T=35ºC) Disintegration rate of XC1 in anaerobic 
conditions at 35 ºC 

d-1 0.5 [1] 

kdis,ANAER,XC2(T=35ºC) Disintegration rate of XC2 in anaerobic 
conditions at 35 ºC 

d-1 0.5 [1] 

kdis,ANAER,XCALG(T=20ºC) Disintegration rate of XCALG in anaerobic 
conditions at 20 ºC 

d-1 0.5 [*] 

kdis,ANOX,XC1(T=20ºC) Disintegration rate of XC1 in anoxic 
conditions at 20 ºC 

d-1 500 [*] 

kdis,ANOX,XC1(T=35ºC) Disintegration rate of XC1 in anoxic 
conditions at 35 ºC 

d-1 1.18 [*] 

kdis,ANOX,XC2(T=20ºC) Disintegration rate of XC2 in anoxic 
conditions at 20 ºC 

d-1 500 [*] 
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Param. Description Units 
Default 
Value 

Ref. 

kdis,ANOX,XC2(T=35ºC) Disintegration rate of XC2 in anoxic 
conditions at 35 ºC 

d-1 0.68 [*] 

kdis,ANOX,XCALG(T=20ºC) Disintegration rate of XCALG in anoxic 
conditions at 20 ºC 

d-1 500 [*] 

khid,AER(T=20ºC) Hydrolysis rate of carbohydrates, proteins 
and lipids in aerobic conditions and at 20 ºC 

d-1 3 [3] 

khid,AER(T=35ºC) Hydrolysis rate of carbohydrates, proteins 
and lipids in aerobic conditions and at 35 ºC 

d-1 1.5 [*] 

khid,ANAER,XCH(T=20ºC) Hydrolysis rate of carbohydrates in 
anaerobic conditions and at 20 ºC 

d-1 1 [*] 

khid, ANAER,XCH (T=35ºC) Hydrolysis rate of carbohydrates in 
anaerobic conditions and at 35 ºC 

d-1 10 [1] 

khid,ANAER,XLI(T=20ºC) Hydrolysis rate of lipids in anaerobic 
conditions and at 20 ºC 

d-1 1 [*] 

khid, ANAER,XLI (T=35ºC) Hydrolysis rate of lipids in anaerobic 
conditions and at 35 ºC 

d-1 10 [1] 

khid,ANAER,XPR(T=20ºC) Hydrolysis rate of proteins in anaerobic 
conditions and at 20 ºC 

d-1 1 [*] 

khid, ANAER,XPR (T=35ºC) Hydrolysis rate of proteins in anaerobic 
conditions and at 35 ºC 

d-1 10 [1] 

khid,ANOX(T=20ºC) Hydrolysis rate of carbohydrates, proteins 
and lipids in anoxic conditions and at 20 ºC 

d-1 1.2 [3] 

khid,ANOX(T=35ºC) Hydrolysis rate of carbohydrates, proteins 
and lipids in anoxic conditions and at 35 ºC 

d-1 1.5 [*] 

km,XAA(T=20ºC) Substrate consumption rate by XAA bacteria 
at 20 ºC 

gCODS gCODX
-1 

d-1 
5.5 [*] 

km,XAA(T=35ºC) Substrate consumption rate by XAA bacteria 
at 35 ºC 

gCODS gCODX
-1 

d-1 
50 [1] 

km,XAA(T=55ºC) Substrate consumption rate XAA bacteria at 
55 ºC 

gCODS gCODX
-1 

d-1 
70 [1] 

km,XAC(T=20ºC) Substrate consumption rate by XAC bacteria 
at 20 ºC 

gCODS gCODX
-1 

d-1 
5.5 [*] 

km,XAC(T=35ºC) Substrate consumption rate by XAC bacteria 
at 35 ºC 

gCODS gCODX
-1 

d-1 
8 [1] 

km,XAC(T=55ºC) Substrate consumption rate XAC bacteria at 
55 ºC 

gCODS gCODX
-1 

d-1 
16 [1] 

km,XALG(T=20ºC) Maximum growth rate of XALG d-1 2 [17] 

km,XAN (T=20ºC) Substrate consumption rate by aerobic/ 
anoxic Anammox bacteria

gCODS gCODX
-1 

d 1
0.028 / YAN [4] 

km,XAOB,max Maximum NH4
+ consumption rate by 

Nitrosomonas bacteria 
gN gCODX

-1 d-1 0.8 / YAOB [4] 

km,XC4(T=20ºC) Substrate consumption rate by XC4 bacteria 
at 20 ºC 

gCODS gCODX
-1 

d-1 
5.5 [*] 

km,XC4(T=35ºC) Substrate consumption rate by XC4 bacteria 
at 35 ºC 

gCODS gCODX
-1 

d-1 
20 [1] 

km,XC4(T=55ºC) Substrate consumption rate XC4 bacteria at 
55 ºC 

gCODS gCODX
-1 

d-1 
30 [1] 

km,XFA(T=20ºC) Substrate consumption rate by XFA bacteria 
at 20 ºC 

gCODS gCODX
-1 

d-1 
5.5 [*] 

km,XFA(T=35ºC) Substrate consumption rate by X-FA bacteria 
at 35 ºC 

gCODS gCODX
-1 

d-1 
6 [1] 
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Param. Description Units 
Default 
Value 

Ref. 

km,XFA(T=55ºC) Substrate consumption rate XFA bacteria at 
55 ºC 

gCODS gCODX
-1 

d-1 
10 [1] 

km,XH (T=20ºC) Substrate consumption rate by aerobic/ 
anoxic heterotrophic bacteria 

gCODS gCODX
-1 

d-1 
6 / YH [3] 

km,XH(T=35ºC) Substrate consumption rate by aerobic/ 
anoxic heterotrophic bacteria at 35 ºC 

gCODS gCODX
-1 

d-1 
17 [*] 

km,XH(T=55ºC) Substrate consumption rate by aerobic/ 
anoxic heterotrophic bacteria at 55 ºC 

gCODS gCODX
-1 

d-1 
28 [*] 

km,XH2(T=20ºC) Substrate consumption rate by XFA bacteria 
at 20 ºC 

gCODS gCODX
-1 

d-1 
5.5 [*] 

km,XH2(T=35ºC) Substrate consumption rate by XH2 bacteria 
at 35 ºC 

gCODS gCODX
-1 

d-1 
35 [1] 

km,XH2(T=55ºC) Substrate consumption rate XH2 bacteria at 
55 ºC 

gCODS gCODX
-1 

d-1 
35 [1] 

km,XN (T=20ºC) N-NHX consumption rate 
gN gCODX

-1 d-1 0.8 / YN 
[3] 

km,XNOB,max Maximum NO2 consumption rate by 
Nitrobacter bacteria

gN gCODX
-1 d-1 0.79 / YNOB [4] 

km,XPAO (T=20ºC) Substrate consumption rate by aerobic/ 
anoxic PAO bacteria at 20 ºC 

gCODS gCODX
-1 

d-1 
1 / YPAO [3] 

km,XPAO (T=35ºC) Substrate consumption rate by aerobic/ 
anoxic PAO bacteria at 35 ºC 

gCODS gCODX
-1 

d-1 
1 / YPAO [3] 

km,XPRO(T=20ºC) Substrate consumption rate by XPRO bacteria 
at 20 ºC 

gCODS gCODX
-1 

d-1 
5.5 [*] 

km,XPRO(T=35ºC) Substrate consumption rate by X-PRO 
bacteria at 35 ºC 

gCODS gCODX
-1 

d-1 
13 [1] 

km,XPRO(T=55ºC) Substrate consumption rate XPRO bacteria at 
55 ºC 

gCODS gCODX
-1 

d-1 
20 [1] 

km,XSU(T=20ºC) Substrate consumption rate by XSU bacteria 
at 20 ºC 

gCODS gCODX
-1 

d-1 
5.5 [*] 

km,XSU(T=35ºC) Substrate consumption rate by XSU bacteria 
at 35 ºC 

gCODS gCODX
-1 

d-1 
30 [1] 

km,XSU(T=55ºC) Substrate consumption rate XSU bacteria at 
55 ºC 

gCODS gCODX
-1 

d-1 
70 [1] 

KA,H,N Activation in the bacteria growth due to 
high pH 

gH m-3 10-7 [*] 

KA,IC Activation/ inhibition constant for inorganic 
carbon 

gC m-3 0.001 [*] 

KA,IN Activation/ inhibition constant for inorganic 
nitrogen 

gN m-3 0.001 [*] 

KA,IP Activation/ inhibition constant for inorganic 
phosphorous 

gP m-3 0.001 [*] 

KA,K Activation/ inhibition constant for inorganic 
potassium 

gK m-3 0.001 [*] 

KA,Mg Activation/ inhibition constant for inorganic 
magnesium 

gMg m-3 0.001 [*] 

KA,NO2 Activation/inhibition constant for nitrites gN m-3 0.5 [5] 

KA,NO3 Activation/inhibition constant for nitrates gN m-3 0.5 [3] 

KA,NOX Activation constant for NOX gN m-3 0.5 [3] 

KA,O2 Activation/ inhibition constant for oxygen gO2 m-3 0.2 [*] 

KAA,XAA(T=35ºC) Amino acids saturation constant gCOD m-3 300 [1] 
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Param. Description Units Default 
Value

Ref. 

KAC,H Saturation growth rate of heterotrophic 
biomass over Acetic acid 

gCOD m-3 4 [3] 

KO2,ALG Saturation constant of XALG for SO2 gO2 m-3 0.2 [17] 

KP,ALG Saturation constant of XALG for SHPO4= gP m-3 0.02 [17] 

KC,ALG Saturation constant of XALG for carbon 
species

gC m-3 0.004 [19] 

KN,ALG Saturation constant of XALG for nitrogen 
species

gN m-3 0.1 [17] 

KAC,XAC(T=35ºC) Acetate saturation constant for 
methanogenic biomass

gCOD m-3 150 [1] 

KBU,H Saturation growth rate of heterotrophic 
biomass over Butyric acid 

gCOD m-3 4 [3] 

KC4,XC4(T=35ºC) Butyrate/Valerate saturation constant gCOD m-3 200 [1] 

KFA,XFA(T=35ºC) Fatty acids saturation constant gCOD m-3 400 [1] 

KH2,XH2(T=35ºC) Hydrogen saturation constant for 
methanogenic biomass

gCOD m-3 0.007 [1] 

KI,H,N Inhibition in the bacteria growth due to low 
pH 

gH m-3 0.00085 [*] 

KI,H,XAA Inhibition constant for pH in the 
acidogenesis and acetogenesis 

gH m-3 0.0155 [1] 

KI,H,XAC Inhibition constant for pH in the 
acetoclastic methanogenesis 

gH m-3 0.000316 [1] 

KI,H,XH2 Inhibition constant for pH in the 
hydrogenotrophic methanogenesis 

gH m-3 0.00316 [1] 

KI,H2,C4(T=35ºC) Inhibition of acidogenesis on butyrate/ 
valerate due to hydrogen 

gCOD m-3 0.01 [1] 

KI,H2,FA(T=35ºC) Inhibition of acidogenesis on fatty acids due 
to hydrogen 

gCOD m-3 0.005 [1] 

KI,H2,PRO(T=35ºC) Inhibition of acidogenesis on propionic acid 
due to hydrogen 

gCOD m-3 0.0035 [1] 

KI,HNO2,XAOB Nitrosomonas growth inhibition constant 
due to ammonia 

gN m-3 0.49 [6] 

KI,HNO2,XNOB Nitrobacter growth inhibition constant due 
to nitrous acid 

gN m-3 0.26 [6] 

KI,NH3(T=35ºC) Inhibition coefficient due to NH3 gN m-3 25.2 [1] 

KI,NH3,XAOB Nitrosomonas growth inhibition constant 
due to ammonia

gN m-3 3000 [7] 

KI,NH3,XNOB Nitrobacter growth inhibition constant due 
to ammonia 

gN m-3 14.8 [6] 

KI,NOX Inhibition constant for NOX gN m-3 0.1 [1] 

KIPP Inhibition coefficient for PP storage gXPP gXPAO
-1 0.02 [3] 

KMAX Maximum ratio of XPP/XPAO gXPP gXPAO
-1 0.02 [3] 

KNH,AN Inhibition coefficient ammonium/ammonia gN m-3 0.07 [8] 

KNH,N Nitrifiers bacteria growth saturation gN m-3 1 [3] 

KNH3,AOB Nitrosomonas bacteria growth saturation gN m-3 1 [3] 

KNO2,AN Anammox growth saturation constant from 
NO

gN m-3 0.05 [2] 

KNO2,NOB Nitrobacter growth saturation constant from 
NO2

- 
gN m-3 0.28 [9] 

KO2,AN Oxygen inhibition coefficient gO2 m-3 0.01 [8] 



Stoichiometric and kinetic parameters  187 
 

 

Param. Description Units Default 
Value

Ref. 

KO2,N Substrate degradation saturation constant gO2 m-3 0.4 [3] 

KO2,AOB Substrate degradation saturation constant gO2 m-3 0.3 [10] 

KO2,NOB Nitrobacter growth saturation constant from 
O

gO2 m-3 1.75 [11] 

KP Saturation coefficient for phosphate 
(nutrient) 

gP m-3 0.01 [3] 

KPHA Saturation coefficient for PHA gXPHA gXPAO
-1 0.01 [3] 

KPP Saturation coefficient for polyphosphate gXPP gXPAO
-1 0.01 [3] 

KPRO,H Saturation growth rate of heterotrophic 
biomass over Propionic acid

gCOD m-3 4 [3] 

KPRO,XPRO(T=35ºC) Propionate saturation constant gCOD m-3 100 [1] 

KS Half saturation coefficient for heterotrophic 
biomass

gCOD m-3 20 [3] 

KS,XC2(T=25ºC) Disintegration rate of XC2 at high 
temperature 

d-1 5000 [*] 

KS,XI(T=25ºC) Disintegration rate of XI at high temperature d-1 5000 [*] 

KS,XP(T=25ºC) Disintegration rate of XP at high d-1 5000 [*] 

KSU,XSU(T=35ºC) Sugar saturation constant gCOD m-3 500 [1] 

Kx(T=20ºC) Half saturation coefficient for hydrolysis of 
slowly biodegradable substrate

gCOD gCOD -1 0.1 [1] 

KVA,H Saturation growth rate of heterotrophic 
biomass over Valeric acid 

gCOD m-3 4 [3] 

ICO2,ALG Carbon dioxide inhibition constant of XALG gC m-3 120 [18] 

qXPHA Rate constant for storage of XPHA (base XPP) gXPHA gXPAO
-1 d-1 6 [12] 

qXPP Rate constant for storage of XPP gXPHA gXPAO
-1 d-1 1.5 [3] 

NO2 Anoxic growth correction constant --- 0.6 [6] 

NO3 Anoxic growth correction constant --- 0.8 [3] 

NO3,2N Anoxic growth correction constant --- 0.6 [6] 

NO3,PAO Anoxic growth correction constant --- 0.6 [3] 

AA,XAA Temperature correction factor --- 0 [1] 

AC,XAC Temperature correction factor --- 0.035 [1] 

C4,XC4 Temperature correction factor --- 0.035 [1] 

dec,XAA,AER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XAA,AER(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XAA,ANAER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XAA,ANAER(T=35ºC) Temperature correction factor --- 0.035 [1] 

dec,XAA,ANOX(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XAA,ANOX(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XAC,AER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XAC,AER(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XAC,ANAER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XAC,ANAER(T=35ºC) Temperature correction factor --- 0.035 [1] 

dec,XAC,ANOX(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XAC,ANOX(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XAOB,AER(T=20ºC) Temperature correction factor --- 1.144 [13] 

dec,XAOB,ANOX(T=20ºC) Temperature correction factor --- 1.144 [13] 

dec,XAOB,ANAER(T=20ºC) Temperature correction factor --- 1.144 [13] 

dec,XAN,AER(T=20ºC) Temperature correction factor --- 1.11 [14] 
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Param. Description Units Default 
Value

Ref. 

dec,XAN,ANOX(T=20ºC) Temperature correction factor --- 1.11 [14] 

dec,XAN,ANAER(T=20ºC) Temperature correction factor --- 1.11 [14] 

dec,XC4,AER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XC4,AER(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XC4,ANAER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XC4,ANAER(T=35ºC) Temperature correction factor --- 0.035 [1] 

dec,XC4,ANOX(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XC4,ANOX(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XFA,AER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XFA,AER(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XFA,ANAER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XFA,ANAER(T=35ºC) Temperature correction factor --- 0.035 [1] 

dec,XFA,ANOX(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XFA,ANOX(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XH,AER(T=20ºC) Temperature correction factor --- 1.12 [3] 

dec,XH,AER(T=35ºC) Temperature correction factor --- 0.055 [*] 

dec,XH,ANAER(T=20ºC) Temperature correction factor --- 1.07 [3] 

dec,XH,ANAER(T=35ºC) Temperature correction factor --- 0.055 [*] 

dec,XH,ANOX(T=20ºC) Temperature correction factor --- 1.12 [3] 

dec,XH,ANOX(T=35ºC) Temperature correction factor --- 0.055 [*] 

dec,XH2,AER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XH2,AER(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XH2,ANAER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XH2,ANAER(T=35ºC) Temperature correction factor --- 0.035 [1] 

dec,XH2,ANOX(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XH2,ANOX(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XN,AER(T=20ºC) Temperature correction factor --- 1.103 [3] 

dec,XN,AER(T=35ºC) Temperature correction factor --- 0.055 [*] 

dec,XN,ANAER(T=20ºC) Temperature correction factor --- 1.103 [3] 

dec,XN,ANAER(T=35ºC) Temperature correction factor --- 0.055 [*] 

dec,XN,ANOX(T=20ºC) Temperature correction factor --- 1.116 [3] 

dec,XN,ANOX(T=35ºC) Temperature correction factor --- 0.055 [*] 

dec,XNOB,AER(T=20ºC) Temperature correction factor --- 1.14 [15] 

dec,XNOB,ANOX(T=20ºC) Temperature correction factor --- 1.14 [15] 

dec,XNOB,ANAER(T=20ºC) Temperature correction factor --- 1.14 [15] 

dec,XPAO,AER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XPAO,AER(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XPAO,ANAER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XPAO,ANAER(T=35ºC Temperature correction factor --- 0.035 [1] 

dec,XPAO,ANOX(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XPAO,ANOX(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XPHA,AER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XPHA,AER(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XPHA,ANAER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XPHA,ANAER(T=35ºC) Temperature correction factor --- 0.035 [1] 
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Ref. 

dec,XPHA,ANOX(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XPHA,ANOX(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XPRO,AER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XPRO,AER(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XPRO,ANAER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XPRO,ANAER(T=35ºC) Temperature correction factor --- 0.035 [1] 

dec,XPRO,ANOX(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XPRO,ANOX(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XSU,AER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XSU,AER(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XSU,ANAER(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XSU,ANAER(T=35ºC) Temperature correction factor --- 0.035 [1] 

dec,XSU,ANOX(T=20ºC) Temperature correction factor --- 1.07 [*] 

dec,XSU,ANOX(T=35ºC) Temperature correction factor --- 0.035 [*] 

dec,XALG Temperature correction factor --- 1.047 [1
7*

dis,AER,XC1(T=20ºC) Temperature correction factor --- 1 [*] 

dis,AER,XC1(T=35ºC) Temperature correction factor --- 0.035 [*] 

dis,AER,XC2(T=20ºC) Temperature correction factor --- 1 [*] 

dis,AER,XC2(T=35ºC) Temperature correction factor --- 0.035 [*] 

dis,AER,XCALG(T=20ºC) Temperature correction factor --- 1 [*] 

dis,ANAER,XC1(T=35ºC) Temperature correction factor --- 0.035 [1] 

dis,ANAER,XC2(T=35ºC) Temperature correction factor --- 0.035 [1] 

dis,ANAER,XCALG(T=20ºC) Temperature correction factor --- 0.035 [*] 

dis,ANOX,XC1(T=20ºC) Temperature correction factor --- 1 [*] 

dis,ANOX,XC1(T=35ºC) Temperature correction factor --- 0.035 [*] 

dis,ANOX,XC2(T=20ºC) Temperature correction factor --- 1 [*] 

dis,ANOX,XC2(T=35ºC) Temperature correction factor --- 0.035 [*] 

dis,ANOX,XCALG(T=20ºC) Temperature correction factor --- 1 [*] 

hid,AER(T=20ºC) Temperature correction factor --- 1.116 [3] 

hid,AER(T=35ºC) Temperature correction factor --- 0.08 [*] 

hid,ANAER,CH(T=20ºC) Temperature correction factor --- 1.116 [3] 

hid,ANAER,CH(T=35ºC) Temperature correction factor --- 0.024 [1] 

hid,ANAER,LI(T=20ºC) Temperature correction factor --- 1.116 [3] 

hid,ANAER,LI(T=35ºC) Temperature correction factor --- 0 [1] 

hid,ANAER,PR(T=20ºC) Temperature correction factor --- 1.116 [3] 

hid,ANAER,PR(T=35ºC) Temperature correction factor --- 0.024 [1] 

hid,ANOX(T=20ºC) Temperature correction factor --- 1.116 [3] 

hid,ANOX(T=35ºC) Temperature correction factor --- 0.05 [*] 

hid,x(T=20ºC) Temperature correction factor --- 1.116 [3] 

FA,XFA Temperature correction factor --- 0 [1] 

H2,XH2 Temperature correction factor --- 0.018 [1] 

I,H2,C4 Temperature correction factor --- 0.01 [1] 

I,H2,FA Temperature correction factor --- 0 [1] 

I,H2,PRO Temperature correction factor --- 0.055 [1] 

I,NH3 Temperature correction factor --- 0.091 [1] 



190   Description of PWM library categories 
 

 
 

Param. Description Units Default 
Value

Re
f.

TH,XC2(T=25ºC) Temperature correction factor --- 0 [*] 

TH,XI(T=25ºC) Temperature correction factor --- 0 [*] 

TH,XP(T=25ºC) Temperature correction factor --- 0 [*] 

m,XAA Temperature correction factor --- 1.07 [*] 

m,XAC Temperature correction factor --- 1.07 [*] 

m,XC4 Temperature correction factor --- 1.07 [*] 

m,XFA Temperature correction factor --- 1.07 [*] 

m,XH Temperature correction factor --- 1.072 [*] 

m,XH2 Temperature correction factor --- 1.07 [*] 

m,XN Temperature correction factor --- 1.103 [3] 

m,XPAO Temperature correction factor --- 1.104 [3] 

m,XPHA Temperature correction factor --- 1.104 [3] 

m,XPP Temperature correction factor --- 1.104 [3] 

m,XPRO Temperature correction factor --- 1.07 [*] 

m,XSU Temperature correction factor --- 1.07 [*] 

m,XALG Temperature correction factor --- 1.047 [1] 

PRO,XPRO Temperature correction factor --- 0.055 [1] 

SU,XSU Temperature correction factor --- 0.035 [*] 

     

[1] (Batstone et al., 2002); [2] (Veys et al., 2010); [3] (Henze et al., 2000); [4] (Hao et al., 2002a); [5] 

(Iacopozzi et al., 2007); [6] (Ganigué et al., 2010); [7] (Wett and Rauch, 2003); [8] (Hao et al., 2002b); [9] 

(Kaelin et al., 2009); [10] (Wiesmann, 1994); [11] (Guisasola et al., 2005); [12] (Larrea et al., 2002); [13] 

Adapted from (Jubany et al., 2008; Sin et al., 2008; Veys et al., 2010); [14] Adapted from (Hulle, 2005); [15] 

Adapted from (Jubany et al., 2008; Veys et al., 2010); [16] (Solimeno et al., 2017); [17] (Reichert et al., 

2001); [17*] adapted from (Reichert et al., 2001); [18] (Silva and Pirt, 1984); [19] (Novak and Brune, 1985)  

[*] Estimated values;  

 

 

 

 

 

 

 

 

 



Stoichiometric and kinetic parameters  191 
 

 

 
 

Table B. 7 Chemical kinetic parameters 

Param. Description Units 
Default 
Value 

Ref. 

Ka,H2O(T=25ºC) Equilibrium constant of H+-OH- molH l-1 10-14 [1] 
Ka,HAC(T=25ºC) Equilibrium constant of HAC-AC- molH l-1 10-4.76 [1] 

Ka,HBU(T=25ºC) Equilibrium constant of HBU-BU- molH l-1 10-4.82 [1] 

Ka,HPRO(T=25ºC) Equilibrium constant of HPRO-PRO- molH l-1 10-4.88 [1] 

Ka,HVA(T=25ºC) Equilibrium constant of HVA-VA- molH l-1 10-4.86 [1] 

Ka,IC(T=25ºC) Equilibrium constant of CO2-HCO3
-   molH l-1 10-6.35 [1] 

Ka,IN(T=25ºC) Equilibrium constant of NH4
+-NH3 molH l-1 10-9.25 [1] 

Ka,IP(T=25ºC) Equilibrium constant of H2PO4
--HPO4

= molH l-1 10-7.21 [1] 

Ka2,IC(T=25ºC) Equilibrium constant of HCO3
--CO3

= molH l-1 10-10.3 [1] 

Ka2,IP(T=25ºC) Equilibrium constant of HPO4
=-PO4-3 molH l-1 10-12.37 [1] 

Ka,NO2(T=25ºC) Equilibrium constant of HNO2-NO2
- molH l-1 10-3.29 [1] 

Kab,H2O Equilibrium rate of H+-OH- m3 gH-1 d-1 108.0 [*] 

Kab,HAC Equilibrium rate of HAC-AC- m3 gH-1 d-1 108.0 [*] 

Kab,HBU Equilibrium rate of HBU-BU- m3 gH-1 d-1 108.0 [*] 

Kab,HPRO Equilibrium rate of HPRO-PRO- m3 gH-1 d-1 108.0 [*] 

Kab,HVA Equilibrium rate of HVA-VA- m3 gH-1 d-1 108.0 [*] 

Kab,ÎC Equilibrium rate of CO2-HCO3
-   m3 gH-1 d-1 108.0 [*] 

Kab,IN Equilibrium rate of NH4
+-NH3 m3 gH-1 d-1 108.0 [*] 

Kab,IP Equilibrium rate of H2PO4
--HPO4

= m3 gH-1 d-1 108.0 [*] 

Kab,NO2 Equilibrium rate of HNO2-NO2
- m3 gH-1 d-1 108.0 [*] 

Kab2,IC Equilibrium rate of HCO3
--CO3

= m3 gH-1 d-1 108.0 [*] 

Kab2,IP Equilibrium rate of HPO4
=-PO4-3 m3 gH-1 d-1 108.0 [*] 

[1] (Perry and Chilton, 1973); [*] Estimated values. 
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Table B. 8 Liquid-Gas transfer kinetic parameters 

Param. Description Units 
Default 
Value 

Ref. 

DL,CH4 Methane diffusivity m2 d-1 0.000192 [1] 
DL,CO2 Carbon dioxide diffusivity m2 d-1 0.000169 [1] 

DL,H2 Hydrogen diffusivity m2 d-1 0.000505 [1] 

DL,N2 Nitrogen diffusivity m2 d-1 0.000164 [1] 

DL,NH3 Ammonium diffusivity m2 d-1 0.000119 [1] 

DL,O2 Oxygen diffusivity m2 d-1 0.000216 [1] 

kL/G,NH3(T=20ºC) Ammonium transfer rate at 20 ºC m d-1 0.074 [1] 

kL/G,O2(T=20ºC) Oxygen transfer rate at 20 ºC m d-1 0.18 [2] 

KH,CH4(T=25ºC) 4 mol l-1 bar-1 0.0014 [3] 

KH,CO2(T=25ºC) 2 mol l-1 bar-1 0.035 [3] 

KH,H2(T=25ºC) 2 mol l-1 bar-1 0.00078 [3] 

KH,N2(T=25ºC) 2 mol l-1 bar-1 0.00065 [3] 

Param. Description Units 
Default 
Value 

Ref. 

KH,NH3(T=25ºC) 3 mol l-1 bar-1 59 [3] 
KH,O2(T=25ºC) 2 mol l-1 bar-1 0.0013 [3] 

KM,H2O Evaporation constant d-1 10000000 [*] 

[1] (Vogelaar et al., 2000); [2] (Arogo et al., 1999); [3] (Perry and Chilton, 1973); 

[*] Estimated values;  
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Table B. 9 Liquid-Solid transfer kinetic parameters 

Param. Description Units 
Default 
Value 

Ref. 

k1 Precipitation constant --- 0.001 [*] 
k2 Precipitation constant --- 0.001 [*] 

kr,FeCl3 Kinetic rate constant d-1  [*] 

kr,FePO4 Kinetic rate constant d-1 100000 [1] 

kr,Fe(OH)3 Kinetic rate constant d-1  [*] 

kr,ACP Kinetic rate constant d-1 350 [2] 

kr,CaCO3 Kinetic rate constant d-1 1477 [2] 

kr,MgCO3 Kinetic rate constant d-1 50 [2] 

kr,STRU Kinetic rate constant d-1 3000 [2] 

kr,KSTRU Kinetic rate constant d-1 1 [*] 

kr,NEW Kinetic rate constant d-1 0.05 [2] 

Ksp,FeCl3(T=25ºC) Solubility product constant for PFeCl3 --- 10-47.7 [3] 

Ksp,FePO4(T=25ºC) Solubility product constant for P FeCl3 --- 10-28.75 [4] 

Ksp,Fe(OH)3(T=25ºC) Solubility product constant for P FeCl3 --- 10-38.2 [4] 

Ksp,ACP(T=25ºC) Solubility product constant for PACP --- 10-25.46 [5] 

Ksp,CaCO3(T=25ºC) Solubility product constant for PCACO3 --- 10-6.7 [6] 

Ksp,MgCO3(T=25ºC) Solubility product constant for PMgCO3 --- 10-7.46 [7] 

Ksp,STRU(T=25ºC) Solubility product constant for PSTRU --- 10-13.16 [8] 

Ksp,KSTRU(T=25ºC) Solubility product constant for PKSTRU --- 10-11.55 [9] 

Ksp,NEWT=25ºC) Solubility product constant for PNEW --- 10-5.8 [8] 

FeCl3 Growth of interfacial area concentration --- 0.5 [*] 

FePO4 Growth of interfacial area concentration --- 0.5 [*] 

Fe(OH)3 Growth of interfacial area concentration --- 0.5 [*] 

ACP Growth of interfacial area concentration --- 0.5 [*] 

CaCO3 Growth of interfacial area concentration --- 0.5 [*] 

MgCO3 Growth of interfacial area concentration --- 0.5 [*] 

STRU Growth of interfacial area concentration --- 0.5 [*] 

KSTRU Growth of interfacial area concentration --- 0.5 [*] 

NEW Growth of interfacial area concentration --- 0.5 [*] 

[1] (Hauduc et al., 2015); [2] (Barat, 2004); [3] (Söhnel and Novotny, 1985); [4] (Briggs, 1996); [5] 

(Ferguson and McCarty, 1971); [6] (Wiechers et al., 1980); [7] (Stumm and Morgan, 1996); [8] (Murray and 

May, 1996); [9] (Flores-Alsina et al., 2016); 

[*] Estimated values; 
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Table B. 10 Microalgae related parameters 

Param. Description Units 
Default 
Value 

Ref. 

KPR,ALG Inhibition constant of photorespiration --- 0.03 [1] 
KSO2,SAT,exc Coefficient of excess dissolved oxygen --- 3.5 [2] 

ALG Light factor, activation rate (µE m-2)-1 0.001935 [3] 

ALG Light factor, inhibition rate (µE m-2)-1 5.4E-7 [3] 

ALG Light factor, production rate s-1 0.1460 [3] 

ALG Light factor, recovery rate s-1 0.0004769 [3] 

KLF Light factor, biomass extinction coefficient m2g-1 0.07 [4] 

I0 Incident light intensity µmol m-2 s-1  [*] 

[1] (Solimeno et al., 2016); [2] (Fernández et al., 2014); [3] (Wu and Merchuk, 2001), [4] (Dauta et al., 1990; 

Molina Grima et al., 1994); 

[*] Estimated values; 
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