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Abstract

The accumulation of carbon dioxide (COy) in the atmosphere, as well as the enrichment of
water courses in nutrients are environmental issues associated to numerous impacts on
ecosystems. Several attempts have been made to address these issues, but the cost and
sustainability of current methodologies are still a concern. Cultivation of photosynthetic
microorganisms appears as a sustainable solution. Accordingly, the aim of this study was to
develop a microalgal production system able to achieve increased biomass productivities
and effectively uptake CO2 and nutrients from the culture medium. To accomplish these
goals, two different strategies were evaluated: (i) the use of microalgal monocultures with
the optimization of cultivation parameters; and (ii) the use of microalgal and microalgal-
bacterial consortia. The photosynthetic microorganisms selected to perform these
experiments were Chlorella vulgaris, Pseudokirchneriella subcapitata, Synechocystis salina
and Microcystis aeruginosa. Taking into account the results obtained at laboratory-scale, the
best photosynthetic cultivation systems and conditions were performed in a 60-L open
raceway pond. The achieved results were then used to perform a techno-economic
assessment (TEA) of a microalgal production unit integrated in a petrochemical complex,

aiming to reduce its associated environmental impact.

Regarding the first strategy, the selected microorganisms were grown in monocultures and
the influence of light supply, temperature and CO concentration in the air stream were
evaluated. Regarding light supply, microalgal growth was performed under different light
irradiance values (36, 60, 120 and 180 uE m2s?) and different light:dark ratios (10:14, 14:10
and 24:0). This study has demonstrated that higher light irradiance values and light periods
resulted in higher average biomass productivities, CO> uptake rates and nutrients removal
efficiencies. Furthermore, results have shown that C. vulgaris, S. salina and M. aeruginosa
presented the highest average biomass productivities and CO2 uptake rates. In terms of
nitrogen removal efficiencies, all microalgal strains showed high removal efficiencies (close
to 100%). Phosphorus removal increased with light irradiance and with light:dark ratio, but
maximum value achieved was 67.6£7.1%. To evaluate the combined effect of light and
temperature, experiments were performed at different average daily light irradiances (15, 21,
36, 75, 105 and 180 puE m? s) and temperatures (15, 25 and 35 °C). In this study, a
mathematical model relating specific growth rates with these variables was also developed.

Among the studied temperatures, all microorganisms presented higher biomass
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productivities, CO> uptake rates and nutrients removal efficiencies at 25 °C. Regarding the
results from the mathematical model, the optimal temperature determined for the selected
microorganisms was 25.3+1.1 °C. On the other hand, the optimal average daily light
irradiances varied with the species in the range of 140-258 pE m? s, In the study of the
effect of CO. concentrations in the air stream (0.04-10% v/v), C. vulgaris, S. salina and M.
aeruginosa have reached the highest biomass productivities and CO fixation rates. These
microorganisms have also been effective in nutrients uptake, reaching removal efficiencies
close to 100%. Through mathematical modelling, it was possible to conclude that optimal
COz concentration for these microorganisms is 5.4+0.3% (v/v).

In the second strategy, dual-species microalgal consortia and dual-species microalgal-
bacterial consortia of C. vulgaris and activated sludge native bacteria were performed. In the
study regarding microalgal consortia, co-cultivation of the selected microorganisms with S.
salina has resulted in increased average biomass productivities, CO. uptake rates and
nutrients removal efficiencies than those obtained with single-species cultures. The
consortium composed by S. salina and C. vulgaris (SC consortium) was considered the most
promising one. The study regarding microalgal-bacterial consortia has shown that consortia
of C. vulgaris with selected bacterial isolates from a municipal wastewater treatment plant
(MWTP) resulted in an increased biomass production and nutrients removal. The best
performance was achieved by the consortium composed by C. vulgaris and Enterobacter

asburiae (CE consortium).

The cultivation of C. vulgaris and the two referred consortia was evaluated in an open
raceway pond in indoor and outdoor conditions. The results obtained in indoor conditions
were not satisfactory due to the poor light distribution inside the bioreactor. However, C.
vulgaris growth in this system with natural light conditions has confirmed the potential of
this microalga for biomass production, CO; uptake and nitrogen and phosphorus removal
from the culture medium. Taking into account the experimental results, a TEA of a 100-ha
microalgal biomass production unit was performed. This assessment has resulted in the
proposal of an economically viable process of microalgal production in Portugal concerning
wastewater treatment (1.9x10° m® of wastewater per year), CO, emission saving
(1.1x10* t yrY) and bioenergy production purposes (annual electric energy production of
1.6x10” kWh and annual lipids productivity of 1.9x10° m?).
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Resumo

A acumulagdo de dioxido de carbono (CO2) na atmosfera assim como o aumento da
concentra¢do de nutrientes nos cursos de &gua constituem problemas ambientais graves,
devido ao seu impacto negativo nos ecossistemas. No sentido de atenuar estes problemas,
diferentes metodologias tém sido propostas, mas o custo e sustentabilidade das metodologias
utilizadas atualmente limitam a sua aplicacdo. Recentemente, a cultura de microrganismos
fotossintéticos surgiu como uma alternativa sustentavel. O objetivo deste estudo foi
desenvolver um sistema de producdo de microalgas capaz de atingir elevadas produtividades
de biomassa e, a0 mesmo tempo, capturar CO> adicionado ao meio de cultura e remover
nutrientes presentes no mesmo. Duas estratégias diferentes foram avaliadas: (i) utilizacéo de
monoculturas de microalgas com otimizacgdo das variaveis operacionais; e (ii) utilizacéo de
consorcios de microalga-microalga ou microalga-bactéria. Os microrganismos
fotossintéticos  selecionados para estes ensaios foram  Chlorella vulgaris,
Pseudokirchneriella subcapitata, Synechocystis salina e Microcystis aeruginosa. Tendo por
base os resultados obtidos a escala laboratorial, os sistemas e condi¢des de cultura que
mostraram maior potencial foram reproduzidos num reator aberto com 60 L de capacidade.
Os resultados obtidos foram utilizados no desenvolvimento de um estudo tecno-econémico
que pretendia avaliar a viabilidade econdémica da producdo de microalgas integrada num

complexo petroquimico, com o objetivo de reduzir os seus impactos ambientais.

Na primeira estratégia os microrganismos selecionados foram cultivados em monoculturas,
tendo-se avaliado o efeito dos seguintes parametros de cultura: luz, temperatura e
concentracdo de COz na corrente gasosa. Relativamente ao efeito da luz, o crescimento das
microalgas foi realizado sob diferentes valores de irradiancia (36, 60, 120 e 180 pE m?s™)
e diferentes fotoperiodos (10:14, 14:10 e 24:0). Este estudo demonstrou que maiores valores
de irradiancia e maiores periodos de luz resultam em maiores produtividades de biomassa,
taxas de remogdo de CO: e eficiéncias de remogdo de nutrientes. Adicionalmente, os
resultados mostraram que as espécies C. vulgaris, S. salina e M. aeruginosa foram as que
apresentaram maiores produtividades de biomassa e taxas de remoc¢do de CO,. Em termos
de remocdo de nutrientes, todas as especies apresentaram elevadas eficiéncias de remogéo
de azoto (proximas de 100%). A remocéo de fosforo aumentou com o aumento da irradiancia
e do periodo de luz, sendo o maximo valor obtido 67.6+£7.1%. Para avaliar o efeito

combinado da luz e temperatura, foram realizados ensaios sob diferentes irradiancias (15,
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21, 36, 75, 105 e 180 uE m? s') e temperaturas (15, 25 e 35 °C). Neste estudo foi
desenvolvido um modelo matemaético que relaciona as taxas especificas de crescimento com
estas duas varidveis. Das temperaturas estudadas, todos 0os microrganismos apresentaram
maiores produtividades de biomassa, taxas de remocao de CO: e eficiéncias de remocéo de
nutrientes a 25 °C. De acordo com os resultados do modelo matemaético, a temperatura 6tima
para os microrganismos selecionados foi de 25.3+1.1 °C. Por outro lado, a irradiancia 6tima
variou de acordo com as espécies: 240-258 uE m2 s®. No estudo sobre o efeito da
concentragdo de CO2 na corrente gasosa (0.04-10% v/v), as espécies C. vulgaris, S. salina e
M. aeruginosa foram as que apresentaram maiores produtividades de biomassa e taxas de
remocdo de CO». Estes microrganismos foram também eficientes na remocéo de nutrientes,
tendo atingido eficiéncias de remocédo proximas de 100%. Através do desenvolvimento de
um modelo matematico, foi possivel determinar a concentracdo de CO, 6tima: 5.4+0.3%
(V/v).

Na segunda estratégia, diferentes consércios foram estudados: consércios constituidos por
duas espécies de microalgas e consércios constituidos pela microalga C. vulgaris e uma
bactéria isolada de uma amostra de lamas ativadas. No estudo correspondente aos consorcios
de microalgas, a co-cultura dos microrganismos referidos anteriormente com S. salina
resultou em maiores produtividades de biomassa, taxas de remocéo de CO: e eficiéncias de
remogdo de nutrientes, sendo o consércio SC (composto por S. salina e C. vulgaris) 0 mais
promissor. No estudo relativo aos consorcios de microalga-bactéria, verificou-se que
a co-cultura de C. vulgaris com bactérias resultantes de lamas ativadas resultou num
aumento da produtividade de biomassa e da remocdo de nutrientes, sendo que 0
consorcio mais eficiente foi o CE (composto por C. vulgaris e Enterobacter

asburiae).

Por ultimo, foram realizados ensaios num reator aberto de 60 L (em laboratdrio e em
condi¢Bes exteriores) utilizando C. vulgaris e os dois consorcios referidos
anteriormente. Neste estudo, o crescimento em laboratdrio ndo foi satisfatorio devido
a uma pobre distribuicdo da luz no reator. Contudo, o crescimento de C. vulgaris em
condigdes de luz natural confirmou o potencial desta especie para a producéo de
biomassa, captura de CO> e remogéo de nutrientes. Tendo em conta os resultados

obtidos experimentalmente, fez-se um estudo tecno-econdémico para uma unidade de
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Resumo

producdo de microalgas. Com a realizacdo deste estudo, foi possivel propor um
processo economicamente vidvel de producdo de microalgas, remocédo de nutrientes
(1.9x10" m? de agua residual processada por ano), captura de CO, (1.1x10* t ano) e
producéo de bioenergia (producéo elétrica anual de 1.6x108 kWh e producéo lipidica

anual de 1.9x10° md).

Palavras-chave: Captura de CO; Microalgas; Producdo de biomassa; Monoculturas de

microalgas; Consoércios de microalgas; Remocao de nutrientes; Estudo tecno-econémico.
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Nomenclature

Notation

C

Copt

COz concentration in the air stream (% v/v)

Optimal CO> concentration in the air stream (% v/v)
Average daily light irradiance (LE m? s™)

Optimal average daily light irradiance (uE m? s™)
Nutrients uptake rate (d1)

CO2 molecular weight (g mol™)

Carbon molecular weight (g mol™)

FAS molecular weight (g mol™)

Data size

Cell concentration (cells mL™ or CFU mL™)

Cell concentration in the beginning of the exponential growth phase (cells mL™ or
CFU mL?)

Cell concentration at the end of the exponential growth phase (cells mL™? or
CFU mL?)

Average biomass productivity (mg DW L* d?)

Interest rate

Nutrients removal efficiency (%)

Coefficient of determination

Average CO> uptake rate (mg CO, L d?)

Average nitrogen uptake rate (mg N L d)

Average phosphorus uptake rate (mg P L™ d?)

Average nutrients uptake rate (mg S L™ d?)

Time-course evolution of nutrients concentration (mg S L)
Nutrients concentration in the beginning of the cultivation time (mg S L)
Nutrients concentration at the end of the cultivation time (mg S L)
Time (d)

Beginning of the exponential growth phase (d)

End of the exponential growth phase (d)

Beginning of the cultivation time (d)

End of the cultivation time (d)

Temperature (°C)

Optimal temperature (°C)

Volume of FAS used in the titration of the blank (mL)
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VEas; s
Vs

N> N

Volume of FAS used in the titration of the samples (mL)
Sample’s volume (mL)
Biomass concentration (mg DW L)

Biomass concentration in the beginning of the exponential growth phase
(mg DW LY)

Biomass concentration at the end of the exponential growth phase (mg DW L)
Biomass concentration in the beginning of the cultivation time (mg DW L)
Biomass concentration at the end of the cultivation time (mg DW L)
Dependent variable

Experimental values

Predicted values by the model

Average of the experimental values

Carbon mass fraction in microalgal biomass (% w/w)

Nitrogen mass fraction in microalgal biomass (% w/w)

Phosphorus mass fraction in microalgal biomass (% w/w)

Constant term

Coefficients of the linear parameters

Coefficients of the quadratic parameters

Coefficients of the interaction parameters

Residual associated to the experiments

Lag time (d)

Specific growth rate (d?)

Maximum specific growth rate (d%)

Standard deviation associated with the optimal temperature (°C)
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1. Work outline

1.1. Scientific relevance and motivation

In the last decades, CO> emissions to the atmosphere have drastically increased, raising its
concentration to approximately 40% higher than pre-industrial period levels (Tans and
Keeling, 2015). This increase has been associated with several negative environmental
impacts, such as the increase of greenhouse effect and ocean acidification; therefore, it
becomes urgent for world economies to reduce their CO2 emissions (IEA, 2011; O’Neill and
Oppenheimer, 2002). Additionally, since this greenhouse gas (GHG) presents long residence
times (Keith, 2009; Moss et al., 2010), new strategies to reduce CO2 concentration in the
atmosphere and in flue gas emissions are required (Pielke, 2009). At the same time, the
population increase and anthropogenic activities (agricultural practices, urbanization and
industrialization) have contributed to the scarcity of freshwater and to an excessive discharge
of wastes into water bodies. These practices have contributed to the contamination of
freshwater resources and to an increase in nutrients (mainly nitrogen and phosphorus) levels
(Aslan and Kapdan, 2006; Rawat et al., 2011; Renuka et al., 2013). Nutrients enrichment or
eutrophication is responsible for the development of algal blooms, spread of aquatic plants,
oxygen depletion, loss of key species and degradation of freshwater ecosystems (Renuka et
al., 2013; Ruiz et al., 2013). To avoid these problems European Union (EU) adopted policies
regarding climate action and nutrients discharge in water bodies. To ensure that the global
average temperature does not exceed pre-industrial levels by more than 2 °C (EC, 2008),
20% reduction in GHG emissions was proposed for developing countries by 2020. Decision
406/2009/EC (2009) defines for each EU Member State the individual targets for GHG
emissions during the period from 2013 to 2020. According to this decision, Portugal has a
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positive limit, i.e. its GHG emissions can increase by 1% by 2020 compared to 2005 levels.
In the case of discharged effluents, EU has defined limits for nutrients (nitrogen and
phosphorus) concentration and imposed minimum percentage load reductions in sensitive
areas which are subject to eutrophication (Directive 1991/271/EEC, 1991; Directive
1998/15/EC, 1998). According to these Directives, the limits for effluent discharge per
population equivalent (PE) are: (i) 15 mg N L (10 to 100 thousand PE) or 10 mg N L
(more than 100 thousand PE) for total nitrogen, or a minimum percentage of reduction of
70-80%; and (ii) 2 mg P L™ (10 to 100 thousand PE) or 1 mg P L (more than 100 thousand

PE) for total phosphorus, or a minimum percentage of reduction of 80%.

To achieve these goals, different methodologies have been extensively studied to reduce CO-
levels in the atmosphere and to promote the treatment of wastewaters. Regarding CO:
capture, currently applied methods include absorption, adsorption, gas-separation
membranes and cryogenic distillation (Gibbins and Chalmers, 2008; Pires et al., 2011).
However, these methodologies, applied in carbon capture and storage (CCS) technologies,
are considered short-term solutions, as there are still high processing costs and concerns
about the environmental sustainability of CO storage (Pires et al., 2011). On the other hand,
nitrogen and phosphorus removal from wastewaters is performed as part of the tertiary
treatment step of wastewater treatment plants (WWTPs) and is commonly known as
wastewater polishing. The most commonly used methods in this step include anaerobic
digestion followed by nitrification and denitrification (Fulazzaky et al., 2015; Piao et al.,
2015). However, several nitrification and denitrification cycles are required to achieve the
nutrient levels accepted by EU legislation. Additionally, these methods require several tanks,
internal recycles of activated sludge and long hydraulic residence times, resulting in an
overall increase of process costs, complexity and energy input (Foess et al., 1998;
Jeyanayagam, 2005; Singh et al., 2005). Alternatively, nitrogen and phosphorus removal
may be achieved by chemical methods, such as precipitation using aluminium and iron salts.
However, these methods are costly and produce large amounts of sludge contaminated with
chemical compounds, requiring further treatment (Bernard and Rémond, 2012; Malhotra et
al., 1964; Wang et al., 2006; Zang et al., 2015).

As an alternative to the commonly applied techniques for CO2 sequestration and nutrients
removal from wastewaters, cultivation of photosynthetic microorganisms, such as the

eukaryotic microalgae and the prokaryotic cyanobacteria, has emerged in the last decades.
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When growing autotrophically, microalgae assimilate CO> from the atmosphere or from flue
gas emissions, reducing the concentrations of this GHG in the atmosphere (Allen et al., 2009;
Ho et al., 2011; Tang et al., 2011). These microorganisms also require inorganic sources of
nitrogen and phosphorus for their growth, meaning that they can play an important role in
the tertiary treatment step of wastewater remediation (Rawat et al., 2011; Silva-Benavides
and Torzillo, 2012). In addition to the remediation potential described for these
microorganisms, microalgal biomass can be further used for human food and animal feed
and in the production of drugs, cosmetics, functional food, biofuels and fertilizers (Allen et
al., 2009; Brennan and Owende, 2010; Parmar et al., 2011; Singh et al., 2005; Spolaore et
al., 2006). In addition to the wide variety of biotechnological applications described for
microalgae, cultivation of these microorganisms has several advantages. They present higher
growth rates and higher biomass productivities than other photosynthetic organisms, such as
terrestrial crops (Chisti, 2007), and also higher lipid contents and nutritional values (Pulz
and Gross, 2004). Additionally, microalgae can be grown in non-arable land and require far
less land than terrestrial crops, thus not competing with agricultural practices and not
compromising food production and supply. These microorganisms can also grow in a wide
variety of environmental conditions and in low quality waters, reducing the requirements for
freshwater and nutrients (Chisti, 2007). However, cultivation of these microorganisms still
presents some challenges regarding the achievement of high biomass productivities and

removal (of both COz and nutrients) efficiencies at reduced costs.

To improve biomass productivities in microalgal cultures, one possible alternative is to study
the process variables that can influence the success of microalgal cultivation. Microalgal
growth can be influenced by several factors, such as light, temperature, pH, salinity, nutrient
qualitative and quantitative profiles, dissolved oxygen concentration and the presence of
toxic compounds (Barsanti and Gualtieri, 2006; Hu, 2004a; Kumar et al., 2010; Yen et al.,
2013). Among these parameters, light supply, temperature and CO2 concentration appear as
the most important factors influencing microalgal and cyanobacterial growth. In fact,
photoautotrophic growth is driven by light supply, the energy source that is used to convert
inorganic carbon into organic matter, and COz, the most commonly used inorganic carbon
source. At the same time, changes in temperature can easily disturb microalgal growth, since
the metabolic activity of these photosynthetic microorganisms can be ceased by extreme
temperatures. Another possibility is to evaluate the potential of different microalgal

consortia (microalgal and microalgal-bacterial) on biomass production, in order to establish
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an effective system in terms of CO. capture and nutrients removal. Recently, several studies
have reported the potential of these consortia in different applications, including biomass
production, CO> capture and nutrients removal (Mufioz and Guieysse, 2006; Olguin, 2012;
Ramanan et al., 2016; Rawat et al., 2011; Subashchandrabose et al., 2011; Unnithan et al.,
2014). The use of polycultures for these purposes can be very advantageous because
combining microorganisms with different metabolic activities and adapted to different
environmental conditions results in a robust biological system that can operate under
different environmental conditions (Boonma et al., 2014; Fouilland, 2012; Johnson and
Admassu, 2013). Additionally, cooperative interactions can be established between the
microorganisms integrating the consortia, which can result in higher biomass productivities
and uptake rates (Renuka et al., 2013).

1.2. Main objectives

The present work aimed the development of a microalgal production system able to achieve
increased biomass productivities and effectively uptake CO2 and nutrients from the culture
medium. To accomplish this goal three different strategies (schematically represented in

Figure 1.1) were adopted:

(i) Evaluation of the effects of light supply, temperature and CO» concentration in the air

stream on biomass production, CO, capture and nutrients uptake

In this first step, monocultures of Chlorella vulgaris, Pseudokirchneriella subcapitata,
Synechocystis salina and Microcystis aeruginosa were performed to evaluate the effect of
light supply (light irradiance and light:dark ratio), the combined effect of light and
temperature and the effect of different CO, concentrations in the air stream on biomass
production, CO> capture and nutrients uptake and to determine optimal light, temperature
and CO- concentrations for microalgal growth. The experimental assays were performed at
laboratory-scale, using 500-mL flasks. To determine optimal growth conditions for the
studied microorganisms, mathematical models were established using the obtained
experimental data. Due to the wide variety of microalgal species, the study and optimization
of culture parameters for all these microorganisms can be costly and time-consuming.
Accordingly, mathematical modelling constitutes an important tool for growth prediction

and characterization.
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Figure 1.1. Schematic representation of the topics covered in this thesis.

(if) Evaluation of the performance of different microalgal and microalgal-bacterial

consortia in biomass production, CO; capture and nutrients uptake

Using the above described microalgae and taking into account the determined optimal
growth conditions, different combinations were performed to obtain dual-species cultures
and to evaluate their performance in biomass production, CO2 capture and nutrients uptake.
Additionally, microalgal-bacterial dual-species cultures were evaluated. In these
experiments, C. vulgaris was co-cultured with different bacteria isolated and identified from
the activated sludge tank of a MWTP located in Rabada (Santo Tirso, Portugal). The

experiments regarding microalgal consortia were also performed at laboratory-scale.

(i) Evaluation of the best systems in a pilot-scale unit

The microorganism and microalgal consortia presenting the highest efficiencies in terms of
biomass production, CO> capture and nutrients uptake were selected to validate their

applicability at a higher scale. In these experiments, the selected cultures were performed in
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a 60-L open raceway pond, a system commonly used in large-scale production of microalgae
(Borowitzka, 1999; Jiménez et al., 2003; Tredici and Materassi, 1992).

(iv) Techno-economic assessment of microalgal production

Taking into account the obtained results, a TEA of a microalgal production unit for
wastewater treatment, CO> capture and bioenergy production integrated in a petrochemical
complex was performed taking into account local weather conditions.

The remainder of this thesis is outlined as follows: in Section 2 a review of the literature is
presented; in Section 3 the methods used during this work are presented; in Section 4 the
results obtained in this study and respective discussion are presented; in Section 5 the main

conclusions and suggestions for future work are presented.




2. Literature review

2.1. Microalgae

Microalgae are a broad category of photosynthetic microorganisms that can be found in
aquatic or terrestrial ecosystems (Gouveia, 2011; John et al., 2011). The number of
microalgal species is not known, but the numbers estimated in the literature round the
200,000 to some millions of species (Norton et al., 1996). Due to their unicellular or
multicellular simple structure, microalgae are able to grow in a wide variety of
environmental conditions, even in the most extreme ones (Cellamare et al., 2010; de Morais
and Costa, 2007c; Mutanda et al., 2011; Pereira et al., 2011; Richardson et al., 2000;
Valladares, 2004): (i) they can grow in dimly lit sites, as well as in salt-marsh algal mats
exposed to full sunlight; (ii) although most microalgae are mesophilic, some species can be
found in mountain snowfields, hot springs and desert soil, experiencing extreme temperature
ranges; (iii) microalgae can also be found in hypersaline environments; and (iv) some
microalgal species are also able to grow in extreme acidic and extreme alkaline media. Being
submerged in an aqueous environment is also favourable for microalgal development, since
their access to water, CO> and other nutrients becomes easier, thus promoting an efficient

conversion of solar energy into biomass (Gouveia, 2011; John et al., 2011).

These organisms are classified in different groups, according to some parameters, such as
morphologic characteristics, cell wall and photosynthetic pigments composition and
chemical nature of their by-products (Brennan and Owende, 2010; Tomaseli, 2004).
Prokaryotic cells, known as cyanobacteria (Cyanophyceae), resemble more to bacteria rather
than algae. They do not have membrane-bound organelles, such as plastids, mitochondria,
nuclei, Golgi bodies and flagella. On the other hand, eukaryotic cells have the above
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mentioned organelles, which are responsible for cell control, reproduction and survival.
These microorganisms are taxonomically rooted with the ancestor of land plants, an
organism formed by the endosymbiosis between a heterotrophic eukaryotic host cell and a
cyanobacterium, which was thought to act as a plastid (Yoon et al., 2004). Examples of
eukaryotic microalgae include green algae (Chlorophyta), red algae (Rhodophyta) and
diatoms (Bacillariophyta).

Microalgae are mainly autotrophic organisms: they reproduce themselves through
photosynthesis, requiring only inorganic compounds, such as CO., to convert solar light
energy into chemical energy. However, some microalgae can grow mixotrophically, using
facultatively an organic carbon source in addition to CO2, or even heterotrophically, using

only organic carbon as carbon source (Brennan and Owende, 2010; Leite et al., 2013).

2.2. Microalgal photosynthesis

Photosynthesis is described as the biological conversion of light energy into chemical energy
in the form of organic carbon compounds. In this oxidation-reduction reaction, represented
in Equation 2.1, organic compounds are formed from the reduction of CO,. CO> is an
oxidized and inorganic carbon source that requires an energy input to form organic

compounds (Falkouski and Raven, 2007).

Pigment
2H,0 + CO, + Light —— (CH,0) + H,0 +0, (2.1)

In Equation 2.1 light acts as a substrate, which means that solar light is the energy source
that allows the conversion of inorganic carbon into high energetic organic compounds
(Falkouski and Raven, 2007).

In eukaryotic organisms, photosynthesis takes place in chloroplasts. This process is divided
into two phases (Figure 2.1): light reactions and dark reactions (Falkouski and Raven, 2007;
Ho et al., 2011). Light reactions occur in the presence of light, whereas dark or carbon-
fixation reactions occur both in the presence or absence of light. For light reactions, two
consecutive photosystems located in the thylakoid membrane of chloroplasts are required
(Ho et al., 2011). These photosystems are photochemical reaction centres energetically

coupled with antennae, which harvest the light energy and transfer it to the reaction centre.
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Figure 2.1. Schematic representation of photosynthesis: energy from sun light is acquired by PSI and PSI|I
where electron transport takes place with the formation of NADPH and ATP that are further used in CO;
fixation reactions, represented by Calvin cycle (adapted from Ho et al. (2011)).

Pigment composition of the two photosystems is different, which explains the difference
between the two action spectra (Falkouski and Raven, 2007). The process begins in
photosystem Il (PSI1), which absorbs photons at 680 nm. In this step, a chlorophyll molecule
is excited by solar light and the energy produced helps to break down a water molecule into
1/2 0, and 2H™. Electrons resulting from the water break down replace those removed by
excitation of PSIl and are transferred through an electron transport chain towards the
photosystem | (PSI), which absorbs light at 700 nm. In PSI, electrons are excited again and
electrons resulting from the transport chain in PSII replace the excited ones. These electrons
follow a novel electron transport chain, which finishes by the reduction of NADP* + H* into
nicotinamide adenine dinucleotide phosphate (NADPH), a biological reduction agent.

During the electron transport chains, a proton gradient is formed. This gradient is coupled
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with an ATP synthase (ATPase) that synthetizes adenosine triphosphate (ATP) from ADP +
P via an oxidative phosphorylation process. The highly energetic molecules NADPH and
ATP are then used in dark reactions. These reactions take place in the stroma of the
chloroplast and are known as Calvin cycle. In this cycle, CO2 molecules are fixed to form
high energetic organic molecules (Equation 2.2). NADPH and ATP produced in the light
reactions are essential in this step, as they provide the reductant power and energy required
for the synthesis of organic compounds (Ho et al., 2011).

CO, + 3ATP + 2NADPH + 2H* — CH,0 + 3ADP + 3P, + 2NADP* + H,0 (2.2)

The sugar (CH,0) produced in the chloroplast is then converted into real biomass

(CH4yO4xoNynPyp), as it is demonstrated in Equation 2.3 (Janssen, 2016):
CH,0 + 0, 4+ NH; + H3PO, — CH,;0,0NynP,p + CO, + H,0 (2.3)

Elements, such as S, K, Mg, Ca, Fe and others present in microalgal biomass are not included

in this stoichiometric equation, since they do not contribute a lot on a mass basis.

2.3. Microalgal culturing

Microalgal cultivation can be performed in suspended or immobilized-cell systems (Gomez-
Serrano et al., 2015; Hoffmann, 1998; Moreno-Garrido, 2008; Zhu et al., 2013). Table 2.1
presents the main advantages and limitations of these systems. For an effective cultivation
process, some parameters, such as light, temperature, pH, nutrients supply and mixing should
be carefully controlled (Barsanti and Gualtieri, 2006; Hu, 2004a; Kumar et al., 2010; Yen et
al., 2013).

2.3.1. Suspended-cells cultivation systems

Cultivation in suspension is the most commonly used form for microalgal growth (Pires et
al., 2013a). Systems typically used for microalgal growth in suspension include closed or
open bioreactors. Closed photobioreactors (PBRs) for microalgal growth can be more
advantageous because: (i) culture conditions and growth parameters, such as pH,
temperature, mixing, CO> and oxygen concentrations, can be strictly controlled; (ii)

evaporation and contaminations can be easily avoided; and (iii) higher cell concentrations
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Table 2.1. Advantages and limitations of suspended- and immobilized-cells cultivation systems

Cultivation systems Advantages Limitations
Suspended-cells  cultivation e Widely studied and optimized ¢ Microalgal harvesting can be more
systems o Increased biomass productivities expensive and/or time-consuming
o Applicable in large-scale
operations
Immobilized-cells cultivation e Microalgal harvesting is simpler e High costs associated to the
systems o Aging cultures are more protected polymeric matrix (in the case of cell
against photoinhibition entrapment)

o Immobilization matrix confers ® High surface area required (in the
cells higher resistance to harsh Ccase of microalgal adhesion and
environments, such as salinity, metal Piofilm formation)

toxicity and pH o Light limitation may occur

e Applicable only for small and
pilot-scale operations

can be achieved (Posten, 2009; Posten and Schaub, 2009; Ugwu et al., 2008). Despite these
advantages, PBRs have some limitations in terms of overheating, difficulties in scale-up and
higher construction costs (Posten and Schaub, 2009). The most commonly used PBRs
include flat plate reactors, bubble-column reactors and tubular reactors (Posten, 2009; Ugwu
et al., 2008; Xu et al., 2009). Microalgal production in open systems is less expensive in
terms of construction and operation and has a larger production capacity (Borowitzka, 1999;
Posten and Schaub, 2009; Pulz, 2001). However, biomass productivities and nutrients
removal efficiencies are lower than those achieved in closed PBRs due to insufficient
mixing, oscillations in the culture conditions and higher susceptibility to contaminations.
Additionally, these systems are more prone to CO- diffusion to the atmosphere, evaporative
losses of water and poor light utilization by cells (Lee, 2001; Posten and Schaub, 2009; Pulz,
2001; Ugwu et al., 2008). Open systems can be divided into two categories: natural ponds,
which include lakes, lagoons and ponds, and artificial ponds or containers (Lee, 2001;
Posten, 2009; Ugwu et al., 2008). The most commonly used systems include shallow big
ponds, tanks, circular ponds and raceway ponds (Lee, 2001; Parmar et al., 2011; Ugwu et
al., 2008).

2.3.2. Immobilized-cells cultivation systems

Although suspended-cells cultivation systems have been effectively applied in microalgal
biomass production, further separation of microalgal biomass is required. To overcome the

problems associated to the time-consuming and energy-demanding harvesting methods
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currently applied for microalgal separation, cultivation systems based on microalgal
immobilization have appeared as an alternative to the suspended-cells cultivation systems
(He and Xue, 2010; Mallick, 2002; Pires et al., 2013a; Ruiz-Marin et al., 2010). According
to Tampion and Tampion (1987), an immobilized cell consists in a cell that by natural or
artificial techniques is prevented from moving independently of its neighbours to all parts of
the aqueous system in study. Natural or passive immobilization occurs through the innate
ability of microalgal cells to attach to a specific surface, resulting in biofilm formation. On
the other hand, artificial or active immobilization techniques include adsorption,
confinement in liquid-liquid emulsions, capturing with semi-permeable membranes,
covalent coupling and entrapment within polymers (De-Bashan and Bashan, 2010; Eroglu
etal., 2015; Hameed and Ebrahim, 2007; Mallick, 2002). The most commonly used methods
for microalgal immobilization include cell entrapment within a polymeric matrix, normally
alginate and carrageenan, and cell adhesion and biofilm formation in a solid surface
(Christenson and Sims, 2011; Eroglu et al., 2015; Hameed and Ebrahim, 2007; Mallick,
2002). In cell entrapment, microalgal cells are confined in the polymeric matrix and
substrates and products diffuse to and from the cells through the pores present in the matrix.
However, the high costs associated to the immobilization matrix can be a limiting factor
when the aim is to process large amounts of wastewater. Regarding algal biofilms, it is
thought that if enough surface area is provided, microalgal growth can be higher than in
suspended-cells cultivation systems. These systems result in biomass productivities similar
to those reported for cell entrapment at reduced costs: algal biofilm formation presents lower
water requirements and does not require an expensive immobilization matrix (Christenson
and Sims, 2011). Currently, microalgal immobilized systems are used for different
applications, such as metabolites production, toxicity measurements and remediation

processes (Moreno-Garrido, 2008).

2.3.3. Main factors influencing microalgal growth

Microalgal growth can be influenced by several factors, both biotic and abiotic. Biotic
factors include the presence of pathogens, such as bacteria, fungi and viruses, and the
competition by other microalgae, whereas abiotic factors include light (quality and quantity),
temperature, pH, salinity, nutrient qualitative and quantitative profiles, dissolved oxygen
concentration and the presence of toxic compounds. Additionally, microalgal growth can be

influenced by operational conditions, such as hydraulic residence time, harvesting rates, gas
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transfer and mixing, since these parameters control CO, availability, shear rates and light
exposure (Barsanti and Gualtieri, 2006; Hu, 2004a; Kumar et al., 2010; Yen et al., 2013).

Photoautotrophic growth of microalgae is driven by light supply, as this is the energy source
that is used to convert inorganic carbon, usually CO., into organic carbon. For light
irradiances below the light saturation point, photosynthetic activity is proportional to light
irradiance. However, for high light irradiance values, the photosynthetic receptor system can
be damaged, resulting in the inhibition of photosynthesis and therefore, microalgal growth
(Degen et al., 2001; Pires et al., 2012; Pulz, 2001). This behaviour has been extensively
described in the literature for several microalgal species. For example, in the study
performed by Bouterfas et al. (2006), cultivation of the microalgae Coelastrum microporum
f. astroidea, Selenastrum minutum and Cosmarium subprotumidum under light irradiances
ranging from 0 to 450 HE m™ s has resulted in a positive relationship between specific
growth rates and light supply until a certain point (light irradiances between 150 and
300 HE m2 s1), at which specific growth rates started decreasing. Selection of an adequate
light source for microalgal growth should also take into account spectral quality and
intensity. According to Ho et al. (2011), blue (400-500 nm) and red (600-700 nm) lights are
preferable than other light sources in terms of cell growth and CO: capture. Therefore, a
powerful light source should be supplied to increase microalgal productivities. Commonly
used light sources include natural light, incandescent and discharge lamps, light-emitting
diodes and lasers (Suh and Lee, 2003).

Another parameter that strongly influences microalgal growth is temperature (Davison,
1991). Optimal temperature for microalgal growth is species specific (Robarts and Zohary,
1987): (i) some species, commonly found in polar environments, tolerate temperatures below
10 °C (Michel et al., 1989; Teoh et al., 2004); (ii) others grow in moderate temperatures (10-
20 °C); and (iii) others, from tropical regions, tolerate temperatures above 30 °C (Renaud et
al., 1995). However, an increase in temperature normally results in an increased metabolic
activity, whereas lower temperatures contribute to the inhibition of microalgal growth
(Robarts and Zohary, 1987; Xin et al., 2011). Ideally, microalgal cultures should be
maintained at temperatures similar to those observed in the environments where they were
collected (Hu, 20044a; Larsdotter, 2006). Teoh et al. (2013) have evaluated the response of
Antarctic, temperate and tropical microalgae to different temperatures, concluding that

optimal growth temperatures were lower (5-10 °C) for the Antarctic species, moderate (15-
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20 °C) for the temperate and high (30-35 °C) for the tropical ones. Additionally, the authors
have observed that, in general, an increase in temperature (until the optimal value) results in
increased specific growth rates. Furthermore, temperature has a strong impact on
biochemical reactions, being one of the most important factors influencing the biochemical
composition of microalgal biomass. For example, a decrease in temperature below the
optimal levels increases the degree of unsaturated lipids, thus promoting the stability and
fluidity of thylakoid membranes and protecting the photosynthetic machinery from
photoinhibition due to low temperatures. Increased enzyme production can also be observed
in response to low temperatures, as an adaptive mechanism to maintain photosynthetic and
respiration rates. On the other hand, an increase in temperature above the optimal levels
results in the formation of oxygen radicals in algal cells, resulting in oxidative stress-induced

carotenogenesis with an increase in carotenoids contents (Hu, 2004a).

The majority of microalgal species are grown in a pH range between 7.0 and 9.0 (Hu, 2004a;
Kumar et al., 2010; Yen et al., 2013). However, some microalgae are alkalophilic, whereas
others are acidophilic. For example, the microalga Spirulina platensis is able to grow in
environments with a pH ranging between 9.0 and 10.0 (Belkin and Boussiba, 1991), while
the microalga Chlorococcum littorale prefers acidic environments, with pH values ranging
between 5.0 and 6.0 (Iwasaki et al., 1996; Ota et al., 2009). The pH of the culture medium
is responsible for physiological changes in microalgae and, therefore, it is crucial to maintain
microalgal cultures in the optimal range to avoid culture loss by extreme pH values. Hansen
(2002) has evaluated the effect of culture medium pH (the studied values ranged between
7.5 and 10.0) on specific growth rates of Ceratium lineatum, Heterocapsa triqueta and
Prorocentrum minimum, demonstrating that pH values higher than 8.5 (in the case of
C. lineatum) and 9.0 (in the case of H. triqueta and P. minimum) have led to a drastic
decrease in specific growth rates of the studied microorganisms. An increase in the pH can
also induce microalgal flocculation, a process normally referred to as autoflocculation
(Vandamme et al., 2012). Culture medium pH can also be associated to the supplied CO>
concentration, due to the chemical equilibria established between the following species:
CO2, H2CO3, HCO3™ and COs? (Hu, 2004a; Kumar et al., 2010; Yen et al., 2013):

CO, + H,0 & H,CO; & HCO3 + HY & CO3™ + 2H* (2.4)

The increase of CO2 concentration in gaseous input stream results in a decrease in pH values

in the culture. Therefore, the CO> fed to microalgal cultures should be strictly controlled, so
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that microalgal cells are not affected by a decrease in the pH of the culture medium. On the
other hand, during the cultivation time, it is common to observe an increase in pH, due to
CO. uptake (Kumar et al., 2010; Yen et al., 2013). Thus, daily monitoring of the pH in the
culture medium is very important to assess microalgal growth and to define procedures to

maintain the cultures in the optimal pH range.

Optimal salinity levels differ according to microalgal species (Hu, 2004a; Yen et al., 2013).
Modifications in the salinity of the culture medium can have adverse effects on microalgal
growth and composition, due to: (i) osmotic stress; (ii) ion (salt) stress; and (iii) alterations
in the membrane permeability to ions (Glass, 1983). Evaporative losses and rainfalls (in open
systems) are the main contributors to modifications in culture medium salinity. The negative
effect of these alterations on microalgal growth has been extensively discussed by Tredici
and Materassi (1992) and Garcia-Gonzalez et al. (2003). In the study performed by Yeesang
and Cheirsilp (2011), an increase in salt concentration from 0 to 83 mM (in cultures grown
in nitrogen-rich media) has resulted in a decrease in specific growth rates of the microalga
Botryococcus spp. Similar results were reported by Araudjo and Garcia (2005) when studying
the effect of salinity levels (25 and 35) on biomass concentrations achieved by the microalga
Chaetoceros cf. wighamii. For this reason, the control of salinity levels is crucial for the
achievement of high density microalgal cultures. This control can be performed by adding

either freshwater or salts to the culture medium.

The main nutrient required for autotrophic microalgal growth is inorganic carbon, since it is
the precursor of photosynthetic reactions. However, microalgal growth is dependent on other
nutrients, such as nitrogen and phosphorus: these nutrients are required for the synthesis of
nucleic acids and proteins. Their presence at limiting concentrations can result in reduced
growth rates and biomass productivities. Aiming to evaluate the effect of nitrogen
supplementation of the culture medium on the growth of Tetraselmis subcordiformis,
Nannochloropsis oculata and Pavlova viridis, Huang et al. (2013) have determined a
positive relationship between microalgal growth and nitrogen concentrations (studied values
ranged between 0 and 1.76 mM). Specific growth rates determined for T. subcordiformis,
N. oculata and P. viridis in the absence of nitrogen ranged between 0.014 and 0.033 h,
whereas the same values determined for the highest nitrogen concentration were statistically
higher. Similarly, when growing the microalgae Nitzschia sp., Sphaerocystis sp. and

Phormidium sp. under phosphorus-sufficient and phosphorus-limited conditions, Litchman
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et al. (2003) have reported increased specific growth rates (between 0.23 and 0.87 d?) for
cultures grown under phosphorus-sufficient conditions. Regarding nitrogen, microalgae
incorporate inorganic nitrogen. The most commonly forms of inorganic nitrogen supplied
are nitrate-nitrogen (NOz-N), ammonium-nitrogen (NH4-N) and urea (Grobbelaar, 2004; Li
etal., 2008; Lin and Lin, 2011; Xu et al., 2001). Concerning phosphorus uptake, this nutrient
is required in the form of soluble phosphates and should be supplied in large quantities, since
not all the phosphorus compounds are bioavailable for microalgae (Barsanti and Gualtieri,
2006; Kumar et al., 2010). Apart from these nutrients, commonly referred as macronutrients,
microalgal growth still requires the presence of trace elements, particularly metals, such as
Mg, Ca, Mn, Zn, Cu and Mo (Grobbelaar, 2004; Kumar et al., 2010). Additionally, some

studies have reported the use of vitamins to improve microalgal growth (Kumar et al., 2010).

Mixing is also a key growth parameter in microalgal culture because it allows an equal
distribution of light and nutrients among microalgal cells, avoiding the existence of stagnant
zones, and improves gas transfer between the culture medium and the air (Barsanti and
Gualtieri, 2006; Eriksen, 2008; Kumar et al., 2010; Qiang and Richmond, 1996). Gas transfer
should not be compromised, since the air bubbled into the cultures contains the CO2 required
for photosynthesis and removes the produced oxygen. Mixing of microalgal cultures is also
important in preventing microalgal settling (Barsanti and Gualtieri, 2006; Eriksen, 2008;
Kumar et al., 2010) and in avoiding thermal stratification (Barsanti and Gualtieri, 2006).
When growing microalgae present in an effluent resulting from oxidation ponds (mainly
Euglena sp. and Chlorella sp.) under shaken and unshaken conditions, Bosca et al. (1991)
have reported higher biomass productivities in shaken cultures. Richmond and Vonshak
(1978) have also reported that an increase in mixing velocities from 15 to 30 cm s* in
Spirulina sp. ponds has increased biomass yields by 50%. However, high mixing rates can
damage microalgal cells (Kumar et al., 2010). For example, Richmond (1988) has reported
that high mixing velocities can be harmful to Spirulina sp. cultures in open ponds due to the
high shear stress values associated. The most commonly used methods for mixing include
pumping, mechanical stirring and gas injection (Thomas and Gibson, 1990). Selection of an
appropriate method depends on the scale and cultivation system. For example, in open ponds

agitation is normally provided by means of a paddlewheel (Qiang and Richmond, 1996).
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2.4. Environmental applications of microalgae

Due to the huge taxonomic diversity of microalgae and to their extensive environmental
distribution, these photosynthetic microorganisms have numerous applications in diversified
areas, such as environment (CO, removal and wastewater treatment), energy (biofuels
production), pharmaceutical and cosmetics industries, aquaculture, animal feed and human
food (Allen et al., 2009; Brennan and Owende, 2010; Spolaore et al., 2006). Figure 2.2
illustrates the main applications described for microalgae. Through photosynthesis,
microalgae are able to assimilate CO:2 from the atmosphere, as well as from flue gas
emissions. Thus, microalgae can be applied to mitigate the increasing tendency of CO:
atmospheric concentration that has been observed since Industrial Revolution (Allen et al.,
2009; Ho et al., 2011; Tang et al., 2011). Additionally, these photosynthetic microorganisms
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Figure 2.2. Schematic representation of the main applications described for microalgae.
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assimilate other compounds, such as nitrogen and phosphorus. These nutrients are frequently
found in wastewaters, meaning that microalgae can be a promising alternative in wastewater
treatment processes (Rawat et al., 2011; Silva-Benavides and Torzillo, 2012). Furthermore,
microalgal biomass can have a lot of applications, in such different areas (Parmar et al.,
2011; Spolaore et al., 2006). Algal biomass is suitable for human food and animal feed, as
they are an important source of natural vitamins, minerals and fatty acids. They can be used
to feed different animals, such as cats, dogs, aquarium fish, birds, horses and cows (Hu,
2004b; Spolaore et al., 2006). Several compounds, such as pigments, antioxidants, [-
carotenes, proteins, polysaccharides, triglycerides, fatty acids and vitamins, can be extracted
and used as raw materials for the production of cosmetics, drugs and functional food (Hu,
2004b; Singh et al., 2005). Finally, the fatty acids produced by microalgae can be extracted
and used for biodiesel production and products, such as proteins and residual biomass, can
be fermented to produce ethanol or methane and fertilizers (Brennan and Owende, 2010;
John et al., 2011; Parmar et al., 2011). Although microalgae can be used in all these
applications, only a few of them are currently applied at a commercial-scale (Table 2.2).

This is a result of the high costs associated to microalgal biomass production, which limits

Table 2.2. Current status of large-scale applications of microalgae (adapted from Spolaore et al. (2006) and
Paul et al. (2013))

Microalgae Applications Country Status
Aphanizomenon flos-aquae Human nutrition USA Commercial
Chaetoceros muelleri Aquaculture feed Global Commercial
Chlorella spp. :c-|uman nutrition, aquaculture Japan, _Taiwan, Czech Commercial
eed, cosmetics Republic, Germany
Crypthecodinium cohnii Docosahexaenoic acid USA Commercial
Dunaliella salina Human nutrition, aquaculture Aus_,tralia, Israel, China, Commercial
feed, B-carotene India, USA
Dunaliella tertiolecta Aquaculture feed Global Commercial
Haematococcus pluvialis Aquaculture feed, astaxanthin ~ USA, Sweden, Israel Commercial
Isochrysis spp. Aquaculture feed Global Commercial
Monochrysis lutheri Aquaculture feed Global Commercial
Nannochloropsis spp. Aquaculture feed Global Commercial
Pavlova spp. Aquaculture feed Global Commercial
Shizochytrium sp. Docosahexaenoic acid USA Commercial
Skeletonema spp. Aquaculture feed Global Commercial
Spirulina platensis Human_ and animfal. nutri_tion, Tha@iland_, USA, China, Commercial
cosmetics, phycobiliproteins  India, Vietnam, Japan
Tetraselmis suecica Aquaculture feed Global Commercial
Thalassiosira pseudonana Aquaculture feed Global Commercial
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microalgal biomass applications to the commercialization of high-valued products.

Among the applications described for microalgae, this study focuses on the use of
microalgae for environmental applications, such as CO> capture and nutrients removal from
wastewaters. The following sections describe in further detail the state of the art of CO-

capture and nutrients removal using these photosynthetic microorganisms.

2.4.1. CO2 capture

Carbon is the most important element for microalgal growth, followed by nitrogen and
phosphorus (microalgal biomass contains approximately 50% w/w of carbon, which is all
derived from COy). Accordingly, the production of 1 g of microalgal biomass corresponds
to a CO; fixation of 1.83 g, which means that these microorganisms can be effectively
applied in CO capture (Cheah et al., 2015).

Microalgae are able to uptake soluble carbonates as a source of CO,. For low pH values
(ranging between 5.0 and 7.0), CO> uptake occurs through diffusion. On the other hand, for
pH values higher than 7.0, bicarbonate (HCOz3) is the most common form of inorganic
carbon present in solution, which enables the external carbonic anhydrase and promotes
active transport of this carbon source into microalgal cells (Picardo et al., 2013; Sayre, 2010;
Sydney et al., 2014). Once inside the cells, HCOs" is converted into CO: that can be fixed by
rubisco (ribulose biphosphate carboxylase oxygenase), producing two molecules of 3-
phosphoglycerate (Sayre, 2010; Sydney et al., 2014).

Microalgal culturing can be performed using atmospheric CO2 or CO- resulting from flue
gases. Table 2.3 presents CO> uptake rates determined for different microalgae using both
CO:2 sources. The use of atmospheric CO2 allows higher flexibility when selecting the
location of the microalgal facility, since it does not need to be located close to a CO2 emission
source. Additionally, using this CO. source does not require CO, transporting systems
(Cheah et al., 2015; Moreira and Pires, 2016). Several studies have reported the use of
microalgae in CO. capture from the atmosphere (Arbib et al., 2014; Cheng et al., 2006;
Gonzalez Lopez et al., 2009; Hulatt and Thomas, 2011). In the study performed by Gonzalez
Lopez et al. (2009), the growth of the cyanobacterium Anabaena sp. in bubble-column PBRs
(working volume of 1.8 L) using atmospheric air has resulted in a CO; fixation rate of
1.45x10% mg CO, Lt dX. Arbib et al. (2014) have evaluated the potential of three microalgal
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species (Chlorella kessleri, C. vulgaris and Scenedesmus obliquus) in COz capture from the
atmosphere using 2-L flasks as PBRs. After ten days of culturing, CO: fixation rates
determined for the studied microorganisms were 320, 297 and 418 mg CO, L d7,
respectively. However, atmospheric CO. concentration (approximately 0.04% v/v) can be
limiting to microalgal growth, due to limitations in mass transfer of CO, from the gaseous
stream to the liquid medium. According to McGinn et al. (2011), CO> diffuses into the liquid
medium 10* times slower than through the gaseous medium. Accordingly, costly CO
sparging might be required to increase the retention time of CO; in the culture medium. As
an alternative to the use of pure CO to feed microalgal cultures, several authors have
reported the use of flue gases. CO2 concentration in flue gases typically ranges between 6-
15% (v/v). For this reason, several authors have evaluated the effect of different CO>
concentrations on microalgal growth and CO> uptake. For example, in the study performed
by de Morais and Costa (2007a), the effect of CO concentrations of 0, 6 and 12% (v/v) on
biomass productivities and CO: fixation rates of Spirulina sp. and S. obliquus was evaluated.
In this study, the authors have reported higher biomass productivities, specific growth rates
and CO; fixation rates in cultures performed at 6 and 12% (v/v) of CO2, with maximum
values obtained at 6% (v/v). As a result, current microalgal production plants are being
projected near large CO2 emission sources, such as power plants and refineries (Moreira and
Pires, 2016). However, flue gases usually contain large amounts of nitrogen oxides (NO and
NOx) and sulphur oxides (SOx), which can significantly reduce the pH of the culture
medium, thus inhibiting microalgal growth (Cheah et al., 2015; Moreira and Pires, 2016;
Pires et al., 2011). In the case of NO and NOy, these compounds can be used by microalgae
as nitrogen source, thus not presenting such a negative impact for microalgal growth. On the
other hand, high SO concentrations (between 100 and 250 mg L) can be harmful to
microalgae, due to the formation of bisulphite (HSO3"), sulphite (SO3s*) and sulphate (SO4%"),
which drastically decrease the pH of the culture medium to values between 2.5 and 3.5
(Cheah et al., 2015; Lam et al., 2012). Additionally, high CO2 concentrations (between 10
and 20% v/v) also contribute to a decrease in pH to approximately 5.5. Although some
microalgal species are able to perform photosynthesis in these conditions, thus
counterbalancing the pH decrease due to high CO2 levels, other species are unable to
withstand this acidic environment (Cheah et al., 2015). Due to these constraints, only a few
studies have reported the use of real flue gases for microalgal growth. When growing
Chlorella sp. in an outdoor open thin-layer PBR using a flue gas containing 6-8% (v/v) of
CO», Doucha et al. (2005) have reported CO. removal efficiencies between 10 and 50%. A
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CO2 removal efficiency of 40.2% was obtained by Li et al. (2011a) when growing S. obliquus
in a flue gas containing 6-18% (v/v) of COs,.

CO- uptake by microalgae is strongly dependent on the selected microalgal species. An ideal
microalgal species should present the following characteristics: (i) high sinking capacity; (ii)
high tolerance to high CO: concentrations; and (iii) high tolerance to some pollutants, such
as NO, NOyx and SOx (Cheah et al., 2015). According to Singh and Ahluwalia (2013),
S. obliquus, Botryococcus braunii, C. vulgaris and N. oculata are the most promising species
for carbon sequestration. In addition to the selected microalgal species, CO2 uptake can be
influenced by other parameters, such as CO concentration, temperature and light intensity.
Regarding CO> concentration, several studies have already demonstrated that microalgal
growth in low CO; concentrations (atmospheric CO2 concentrations, for example) can be
lower than microalgal growth in CO2-enriched air streams. On the other hand, high CO-
concentrations can be toxic for microalgae (Cheah et al., 2015). Temperature is also a key
factor on CO; uptake because it determines CO2 solubility in the culture medium: an increase
in temperature is responsible for the decrease of CO> solubility, which means that microalgae
should be grown in moderate temperatures (Moreira and Pires, 2016). Light supply also
influences CO. uptake by microalgae because this process is directly related to light
utilization efficiency by microalgal cells. Accordingly, higher light intensities favour CO»
uptake because they ensure a better penetration of light into high density cultures. Hydraulic
residence time and mass transfer are operational parameters that also influence CO, uptake.
In general, a decrease in the hydraulic residence time results in an increased CO> fixation.
On the other hand, an increase in mass transfer coefficient results in increased CO> uptake
rates (Judd et al., 2015).

2.4.2. Nutrients removal from wastewaters

As referred in Section 2.3.3, the main nutrients required for microalgal growth are carbon,
nitrogen and phosphorus. Since wastewaters present considerable concentrations of these
nutrients, several studies have reported the potential of microalgal growth in wastewaters
from different sources: (i) domestic (Posadas et al., 2013; Yang et al., 2011); (ii) leachate
(Lin et al., 2007; Mustafa et al., 2012); (iii) agricultural (Gonzalez et al., 1997; Hernandez
et al., 2013; Lefebvre et al., 1996); (iv) refinery (Chojnacka et al., 2004); and (v) industrial
(Safonova et al., 2004; Tarlan et al., 2002). These studies have revealed that using
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wastewaters for microalgal cultivation promotes an effective treatment of these effluents
(nitrogen and phosphorus removal efficiencies reported correspond to 60-99 and 54-95%,
respectively), while contributing to the production of microalgal biomass at reduced costs
and with lower environmental impact, since nutrients supply and freshwater are not required
(Boelee et al., 2011; Park et al., 2011; Silva-Benavides and Torzillo, 2012).

To improve wastewater remediation processes using microalgae, it is very important to
understand the mechanisms involved in nutrients removal. Table 2.4 summarizes the

mechanisms involved in carbon, nitrogen and phosphorus removal by microalgae.

Although microalgae are mainly autotrophic, some microalgae are heterotrophic, using only
organic carbon (e.g. acetate, glucose, glycerol and ethanol) as carbon source, whereas others
are mixotrophic, using facultatively an organic carbon source in addition to CO2 (Brennan
and Owende, 2010; Leite et al., 2013; Neilson and Lewin, 1974). In this growth regime, both
respiratory and photosynthetic mechanisms can be adopted by microalgae (Lee, 2004).

The most common inorganic nitrogen forms include nitrate, nitrite, nitric acid, ammonium,

ammonia, molecular nitrogen, nitrous oxide, nitric oxide and nitrogen dioxide

Table 2.4. Mechanisms involved in nutrients (carbon, nitrogen and phosphorus) removal by microalgae

Nutrients Mechanisms Cell incorporation

Carbon

CO, Integration in the Calvin cycle Diffusion  (5.0<pH<7.0) or active
transport (pH>7.0)

Organic carbon Integration in the respiration metabolism  Diffusion or active transport (depending
on the size of the molecules)

Nitrogen

N2-N Fixation by prokaryotic microalgae

(cyanobacteria) into ammonia, followed
by conversion into amino acids

NOs-N and NO,-N  Reduction into ammonium, followed by Active transport
conversion into amino acids

NHs-N Direct conversion into amino acids Active transport

Stripping due to volatilisation (high pH n.a.
values and temperatures)

Phosphorus
PO4-P Phosphorylation Active transport

Chemical precipitation (high pH values n.a.
and dissolved oxygen concentrations)

n.a. - not applicable.
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(Barsanti and Gualtieri, 2006). Microalgae play an important role in both nitrogen fixation
and assimilation. Prokaryotic microalgae (cyanobacteria) are able to fix atmospheric
molecular nitrogen (N2-N), converting it into ammonia-nitrogen (NH3-N), which can either
be incorporated into amino acids and proteins or excreted to the environment (Barsanti and
Gualtieri, 2006; Cai et al., 2013):

N, + 8H* + 8~ + 16ATP ot ) NH, + H, + 16ADP + 16P, (2.5)
Eukaryotic microalgae, in turn, are able to assimilate fixed nitrogen, such as NHs-N, NOs-N
and nitrite-nitrogen (NO2-N). These nitrogen sources enter microalgal cells through active
transport at the plasma membrane. NOs-N (the most oxidized form) is thermodynamically
more stable than NH4-N and, hence, it is more common to find this inorganic nitrogen form
in aquatic environments (Barsanti and Gualtieri, 2006; Grobbelaar, 2004). However,
assimilation of this nitrogen source requires previous reduction into NHs-N, in a two-step
process catalysed by the enzymes nitrate reductase and nitrite reductase (Barsanti and
Gualtieri, 2006; Crofcheck et al., 2012; Hellebust and Ahmad, 1989). In the first step
(Equation 2.6), nitrate reductase catalyses the reduction of NOs-N into NO.-N using
NADPH as reducing agent. Further reduction into NHs-N is catalysed by nitrite reductase,
which uses ferredoxin to catalyse the six-electron transfer reaction (Equation 2.7) (Barsanti
and Gualtieri, 2006; Hellebust and Ahmad, 1989):

Ni d
NOj + 2H* + 26 — "% NO; + H,0 (2.6)

NOj + BH* + 66~ T NHF + 2H,0 2.7)
NH4-N resulting from NOs-N and NO2-N reduction and actively incorporated into
microalgal cells is directly converted into amino acids via the glutamine synthetase-
glutamate synthase pathway, where glutamine synthase catalyses glutamine formation from
glutamate and ATP, according to Equation 2.8 (Barsanti and Gualtieri, 2006; Crofcheck et
al., 2012; Hellebust and Ahmad, 1989):

Glutamine synthase .
Glutamate + NH; + ATP Glutamine + ADP + P, (2.8)

Since NH4-N assimilation does not require previous reduction steps, it is thought that this is

the preferred nitrogen form for microalgae. However, according to Grobbelaar (2004), the
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effect of both NO3-N and NHs-N on microalgal growth is not well defined, since no
significant differences were observed in terms of microalgal productivity. In addition to
microalgal uptake, NHs-N removal may occur in response to an increase of pH and
temperature, where large amounts of NH4-N can be volatilized (Aslan and Kapdan, 2006;
Cai etal., 2013; Wang et al., 2014).

Energy transfer and nucleic acid synthesis are mediated by phosphorus. This nutrient enters
microalgal cells through active transport at the plasma membrane in the forms of H,PO4 and
HPO4>. Incorporation of phosphate-phosphorus (POs-P) into organic compounds is
performed through the following processes: (i) phosphorylation at the substrate level; (ii)
oxidative phosphorylation; and (iii) photophosphorylation. In these processes ATP is
produced from adenosine diphosphate (ADP) and an energy input, which can be obtained
from the oxidation of the respiratory substrates or from the electron transport system of the
mithocondria (in the case of the first two processes) and from light energy transformation
(in the case of the third step). The general reaction is represented by Equation 2.9 (Martinez
etal., 1999):

E
ADP + P, — X ATP (2.9)

PO4-P removal can also be ruled by environmental conditions, such as pH and dissolved
oxygen concentration. For pH values above 8.0 and high oxygen concentrations, phosphorus
precipitation may occur (Aslan and Kapdan, 2006; Cai et al., 2013; Su et al., 2012b; Wang
etal., 2014).

According to their nature and composition, different wastewaters can be used as a source for
the above referred nutrients. Wastewaters can be defined as disposable liquids or water-
carried waste resulting from domestic, agricultural, urbanization and industrial practices.
Usually, wastewaters may contain large quantities of oxygen demanding wastes, pathogenic
organisms, organic pollutants, nutrients, such as nitrogen and phosphorus, inorganic
compounds and sediments (Sonune and Ghate, 2004). Table 2.5 presents typical
compositions of wastewaters from different sources in terms of nitrogen, phosphorus and
organic carbon, demonstrating that wastewater composition strongly depends on its source.
In general, wastewaters from the swine industry present higher levels of nitrogen and
phosphorus than municipal wastewaters. On the other hand, wastewaters resulting from

brewery, starch and dairy industries and potato-processing wastewaters present high

26



Literature review

‘paiy19ads 10U - 's'U ‘u0gJed a1uehlo 101 - DOL
‘puewap uabAxo [earwayd - o ‘snioydsoyd [e101 - 41 ‘snioydsoyd-areydsoyd - 4-*Od ‘usbosu Je1o1 - N1 ‘uabounlu-areaiu - N-SON :usbBoaniu-wniuowwe - N-"HN

(600Z ‘I 18 ZLBOM ‘0TOZ ““[e 18 Buep
‘TTOZ “[e 19 9pusH usQ UBA ‘T66T ‘BpnyS

-€
pue 1yredul ‘92T0Z ‘TTOZ “le 1® NS 2102 ado? 08E-€8T d-"Od 2T-1 Z-f_“_/_mm_./_mM abemes [ediouniy
‘0||1zIOL pue saplAeusg-BAlIS €TOZ “le 19
1Iowes ‘€T0Z “'[e 19 ZapueulaH ‘€T0Z 18 19 oH)
(ZT0Z “"1e 18 eyRISNN) ao2d T98Y-G2LE d-"Od 6-1 N-"HN Z6T-¢TT aleyoes| [[1jpue] [edioluniy
(2102 ‘sewoy pue ybuis i B i B i
‘eT0Z “[e 18 Sepesod ‘110z ‘sBBel) pue sed) ao? 00S-001 d-"Od ¢T-L N-"HN G5-G¢ afemas onsswoQ [edidiuniy
(200Z ““Ie 18 uelRl) aod 8yt 's'u 's'u Jaded pue djnd paseq-poopn |eLiasnpu|
(£002Z “"1e 18 1eAPS) ao2 ovrSeT-0L1C dl G8€-09 N-"HN GTT-6¢ yasels lersnpul
(TT0CZ "2 i i )
18 ZOpUELISS-ZA[EZUOS 600Z *[E 10 SOPOS ap) 001 /¥2T d"0Od LTT  N-*HN 959-¥2€ A13661d [eLisnpuj
-£ .
(#7002 "I 10 BAOUOJRS) aood 00¢T S'u U-wmn mm [e21WaYd pue [elaW ‘[10 [ersnpul
(6002 “[e 30 Z1BOM 2002 ‘AN N-€ON T>
- ) f ) - - Ae rLISNPU
pue apiIIM ‘9T0Z “Ie 1 i) ‘geeT ‘sour) 10O EFEOCO00 dLOSESE N oge-ozT rd FEAspAl
-€ -
(0102 I8 38 Aweseuuryo) Q02 Z1vT dH0dSE0T ooy I edzed fersnpu
-€ -
(0TOZ "I 10 Osodey) a0? L£8/-G9S dl 9ze-1S z_m_fﬁ_u/_z@%-m Kiamaig [eLasnpu|
(TT0Z e 19 ZApuURUIa4-Z3[RZUOD) su s N-"HN S67-£0E alnuew A1ebblg  paisabip-A|[ealqoiseuy
(€TOZ "I 10 sepesod) 00192 d-"Od 10T N-"HN 9t9 abemas [edidlunin parsabip-A|[esiqoiseuy
‘ N-¢ON T>
AigIniN pue apj|l - alnuew Alre a1sab1p-A|eaigolseu
(200Z ‘AgInIAl pue aI1IAN) ao? Sv67-558Y dLOVZ |\ viN TOET-62T e paysabip-Ajjealqosseuy
(2002 "' 18 zoJ18NY) aoo 08+9-8.5¢ d-"Od ¥6-¢1 N1 G6-5¢ an|e 801y [einynoLIBY
(€102 “[e 18 ZopUBUISH) aod svL d-"0d 87 nwmn ww Juanjyys Buisseooid-orelod ey noLBy
LR IEIEIENS| (371 Bw) uogued (3.7 Bw) snaoydsoyd (5.1 Bw) usboauN 921n0S adA Jaremalsepn

uogued pue snioydsoyd ‘usbouiiu Jo swual ul ymoub [ebeoloiw 1oy pasn Apealfe s1alemalsem Jualaiip Jo suonisodwod [estdA] "Gz ajgel

27



Microalgal cultivation for biomass production, carbon dioxide capture and nutrients uptake

concentrations of soluble chemical oxygen demand (COD). To consider the use of
microalgae in wastewater treatment, the composition of the effluent to be treated should be
previously assessed, since nitrogen to phosphorus molar ratios (N:P) strongly influence
microalgal biomass production and hence, nutrients uptake. According to the average
elemental composition of microalgal biomass, N:P molar ratios lower than 5:1 result in
nitrogen limitation, whereas N:P molar ratios higher than 30:1 result in phosphorus
limitation (Larsdotter, 2006).

N:P molar ratios determined for the wastewaters described in Table 2.5 range between 1:1
(for brewery and starch industry wastewaters) and 42:1 (for landfill leachate). With N:P
molar ratios of 9:1, 11:1, 14:1 and 15:1, piggery industry and domestic wastewaters, as well
as dairy manure and municipal sewage anaerobically-digested wastewaters are considered
the most appropriate for microalgal growth. In fact, microalgal nutrients removal from
domestic and piggery industry wastewaters has been extensively reported in the literature
(Alcantara et al., 2015b; Cai et al., 2013; de Godos et al., 2009; Gonzélez-Fernandez et al.,
2011; Hernandez et al., 2013; Posadas et al., 2013). Table 2.6 presents nitrogen and

phosphorus removal rates determined when culturing microalgae in different wastewaters.

Although the majority of the studies refer to the use of suspended-growth systems, Shi et al.
(2007) have assessed nitrogen and phosphorus removal from a municipal wastewater
collected in Cologne (Germany) using an immobilization method — the twin-layer system.
In this method, the microalgae C. vulgaris and Scenedesmus rubescens were immobilized
through self-adhesion on a substrate layer and another layer provided the growth medium
required for microalgal growth. Using this system, microalgae remained 100% immobilized,
being able to completely remove NOs-N (initial concentration between 3.7-6.2 mg N L?)
after an exposure period of four days. Other studies have focused on the use of municipal
wastewaters to improve microalgal biomass and lipid productivities (Caporgno et al., 2015;
Gomez-Serrano et al., 2015; Gouveia et al., 2016; Kong et al., 2009; Mennaa et al., 2015;
Nayak et al., 2016). For example, Kong et al. (2009) have grown Chlamydomonas
reinhardtii in a municipal wastewater obtained from St. Paul Metro plant (St. Paul,
Minnesota, USA), achieving nutrients removal rates of 344 mg N L' d! and
0.56 mg P L d! for TN and POs-P, respectively. Using a municipal wastewater, average
biomass productivities achieved by C. reinhardtii ranged between 0.82 and 2.00 g L d*?,

with 25.25% (w/w) of microalgal biomass corresponding to lipids. More recently,
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Gouveia et al. (2016) have cultured C. vulgaris, S. obliquus and a native consortium in a
municipal wastewater collected from Figueira da Foz (Portugal), aiming to determine the
best candidate in terms of wastewater remediation and biomass productivity and quality for
further uses, such as biofuels, biofertilizers and bioplastics production. With this study,
biomass productivities achieved were 0.1, 0.4 and 0.9 g L d! for C. vulgaris, S. obliquus
and the consortium, respectively, with 8.1, 10.0 and 13.1% (w/w) corresponding to lipids.
Additionally, the studied cultures have effectively removed nitrogen and phosphorus from
the wastewater, reaching nitrogen removal efficiencies of 84-98% and phosphorus removal
efficiencies of 95-100%. Taking into account these results, the authors have proposed the

native consortium as the best option for nutrients removal and biomass production.

Valderrama et al. (2002) have cultured C. vulgaris in an industrial effluent resulting from
ethanol and citric acid production, achieving NH4-N and PO4-P removal efficiencies of 71.6
and 28%, respectively (initial NHs-N concentration in this effluent ranged between 3 and
8 mg N L?, whereas initial POs-P concentration ranged between 0 and 0.36 mg P L™?).
Similarly, Lim et al. (2010) have grown C. vulgaris in high rate algal ponds (HRAPSs) fed
with a textile industry wastewater to evaluate the potential of this microalga in nitrogen and
phosphorus removal. Although C. vulgaris was able to grow in the textile wastewater
(NHa-N and PO4-P initial concentrations of 6.50 and 7.14 mg L, respectively), nitrogen and
phosphorus removal efficiencies achieved were not very high: 44.4-45.1% and 33.1-33.3%,

respectively.

In the study performed by Herndndez et al. (2013), C. sorokiniana was grown in a potato-
processing wastewater presenting an initial NH4-N concentration of 12.1 mg N L and
PO4-P concentration of 3.4 mg P L%, After a cultivation period of ten days, nitrogen and
phosphorus removal efficiencies achieved were 95 and 80.7%, respectively. Liu et al. (2016)
have determined the remediation potential of the filamentous microalgae Klebsormidium sp.
and Stigeoclonium spp. grown in an outdoor Algal Turf Scrubber using horticultural
wastewater as culture medium (NO3z-N and POs-P initial concentrations of 47.2 and
11.6 mg L%, respectively). With this study, the authors have demonstrated that these
microalgae can effectively remove nitrogen and phosphorus from this wastewater, since
nitrogen removal efficiencies achieved oscillated between 88 and 99% and phosphorus
removal efficiencies were higher than 99%.
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The use of microalgae for the remediation of different anaerobically-digested effluents has
also been reported in the literature. For example, Wilkie and Mulbry (2002) have evaluated
nutrients recovery in an anaerobically-digested dairy industry effluent using native
microalgae, reporting TN and TP removal efficiencies of 62 and 70%, respectively (initial
TN and TP concentrations were 78 and 7 mg L™, respectively). On the other hand, Olguin
et al. (2003) and Ledda et al. (2015) have focused on nutrients removal and biomass
production in anaerobically-digested piggery wastewaters. In the study performed by Olguin
et al. (2003), cultivation of Spirulina sp. in outdoor conditions and semi-continuous mode
has resulted in biomass productivities between 11.8 and 15.1 g m? d. In the same
conditions, NHs-N removal efficiencies ranged between 84 and 96% and PO4-P removal
efficiencies ranged between 72 and 87% (initial NHs-N and PO4-P concentrations were
about 1209-1481 and 164-620 mg L, respectively). Similarly, Ledda et al. (2015) have
grown Chlorella sp. in an anaerobically-digested piggery wastewater (with NHs-N and
PO4-P initial concentrations of 60 and 18 mg L™, respectively), reporting biomass
productivities of 0.10 g L d! and nitrogen and phosphorus removal efficiencies of 95 and

85%, respectively.

There are several factors that influence nutrients removal by microalgae. The pH of
microalgal cultures constitutes one of the most important factors influencing nutrients
removal. In the case of CO., the pH of the culture medium influences its solubility and hence,
the carbon concentrating mechanisms adopted by microalgal cells. Additionally, high pH
values are responsible for NH4-N stripping and POs-P precipitation. However, other factors,
such as light and temperature, also play an important role in nutrients uptake by microalgae.
In general, an increase in light supply results in increased nutrients removal. In the study
performed by Hu et al. (2000), NOs-N uptake rates determined for Synechococcus sp. grown
in nitrate-contaminated groundwater increased proportionally to increasing average daily
light irradiance up to 100 pE m? s, Similarly, in the study performed by Li et al. (2012),
an increase in average daily light irradiance from 0 to 200 uE m s increased TP removal
efficiencies from 65.8 to 87.0% (for C. kessleri) and from 79.3 to 83.0% (for Chlorella
protothecoides). Regarding the temperature effect, higher metabolic activities and hence
nutrients uptake rates can be observed for increased temperatures, reaching its maximum
when cultivation temperature is close to the optimal values reported for the microorganisms
in study. Talbot and De la Noue (1993) have demonstrated that cultivation of Phormidium

bohneri in a secondary effluent resulting from an activated sludge treatment plant at 30 °C
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for three days has resulted in an effective NH4-N removal, whereas the same culture
performed at 10 °C has resulted in an almost negligible NH4-N removal.

2.4.3. The role of microalgal consortia in CO> capture and nutrients removal

Although microalgae have been successfully applied in CO. capture and nutrients removal
from different wastewaters, it is difficult to maintain a microalgal monoculture in these
processes. Accordingly, several studies have reported the advantages of using microalgal
consortia over single-species cultures (Gonzalez-Fernandez et al., 2011; He et al., 2013;
Mufioz and Guieysse, 2006; Subashchandrabose et al., 2011; Wilkie and Mulbry, 2002).
Complex degradation processes, which would be difficult to accomplish using
monocultures, can benefit from the use of microalgal consortia. Additionally, application of
these consortia may result in the development of a robust system, able to resist to
environmental fluctuations and invasion by other species (Paerl and Pinckney, 1996;
Subashchandrabose et al., 2011). These consortia can naturally occur in the environment or
be artificially engineered, by combination of microorganisms that do not necessarily co-
occur, for a specific purpose (Jagmann and Philipp, 2014). Among the different possibilities
of consortia that can be established, the most commonly used for CO; capture and
wastewater treatment include microalgal consortia, which are constituted exclusively by
photosynthetic microorganisms (eukaryotic and/or prokaryotic), and microalgal-bacterial
consortia, which are constituted by photosynthetic microorganisms and heterotrophic
bacteria. This section describes the type of interactions that can be established between the
microorganisms integrating these consortia and how these interactions can improve CO>

capture and nutrients uptake.

In microalgal consortia, interactions between photosynthetic microorganisms are not well
documented in the literature (Qin et al., 2016). It is thought that growing these
microorganisms in a consortium may result in both cooperative and competitive interactions.
On the one hand, these microorganisms may establish cooperative interactions through the
exchange of metabolites, resulting in an overall increase in biomass productivities and hence,
nutrients removal efficiencies (Mendes and Vermelho, 2013). On the other hand, co-
cultivation of photosynthetic microorganisms may result in the excretion of secondary
metabolites, also known as allelochemicals, that exhibit a negative effect on the co-cultivated
microorganisms (Cembella, 2003; Gross, 2003; Mendes and Vermelho, 2013). For example,
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when growing a microalgal consortium composed by C. vulgaris and P. subcapitata, Fergola
et al. (2007) have demonstrated that P. subcapitata growth was strongly inhibited by
chlorellin, a fatty acids mixture excreted by the co-cultivated C. vulgaris. Allelochemicals
production may be enhanced or suppressed by both abiotic and biotic factors. The most
important abiotic factors that enhance allelochemicals production include nutrients
starvation, low light intensities and temperatures and high pH values. On the other hand,
excessive nutrients concentrations, high light intensities and temperatures and low pH values
can inhibit allelochemicals production. Biotic factors influencing allelochemicals production
are the concentrations of the involved microorganisms (the ones producing toxic compounds
and target cells) (Mendes and Vermelho, 2013). In CO- capture and in wastewater treatment
processes, interactions between photosynthetic microorganisms can have the following
advantages: (i) enhancement of the overall nutrients uptake, providing that sufficient
nutrients are supplied; (ii) resistance to contaminants and predators through the induction of
allelochemicals production; and (iii) the development of a settleable system (by combining
single cell microorganisms with flocculating ones), thus avoiding the requirements for a
harvesting method. Additionally, the use of microalgal consortia for these purposes ensures
the viability of the remediation process because the loss of one microorganism can be
compensated by the other microorganisms integrating the consortia (Renuka et al., 2013).
Although microalgal consortia can be applied to both CO> capture and nutrients removal,
the majority of the studies refers to the application of these consortia in wastewater polishing
(Table 2.7). For example, a non-native consortium composed by Chlorella sp. and
Scenedesmus sp. was effectively applied in nitrogen and phosphorus removal from a
primary-treated municipal wastewater by Koreiviené et al. (2014). These authors have
reported total nitrogen (TN) and TP removal efficiencies ranging between 88.6-96.4 and
99.7-99.9%, respectively. Using a native microalgal consortium from a carpet mill industry
effluent, Chinnasamy et al. (2010) have reported an almost complete removal of NOs-N and
PO4-P, with removal efficiencies ranging between 96.6 and 99.8%. In order to obtain a self-
flocculating culture, Renuka et al. (2013) have evaluated the potential of a non-native
consortium (composed by unicellular and filamentous microalgae) and two native consortia
(one composed by filamentous microalgae and the other composed by unicellular
microalgae) in the treatment of a primary-treated sewage, reaching high nitrogen and
phosphorus removal efficiencies in all studied consortia: NO3z-N removal efficiencies ranged
between 81.5 and 83.3%, NH4-N removal efficiencies were about 100% and PO4-P removal
efficiencies ranged between 94.9 and 97.8%.
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In microalgal-bacterial consortia, competitive and cooperative interactions between
microalgae and bacteria have already been reported in the literature (Fukami et al., 1997,
Mufioz and Guieysse, 2006; Natrah et al., 2014; Unnithan et al., 2014). Figure 2.3 evidences
the possible interactions established between these microorganisms. Regarding competitive
interactions, both microalgae and bacteria can have adverse effects on each other. Several
studies have already reported the excretion of microalgal metabolites presenting a
bactericidal effect (Kellam and Walker, 1989; Najdenski et al., 2013; Natrah et al., 2014).
For example, chlorellin presents bactericidal activity against Gram-positive and Gram-
negative bacteria, such as Staphylococcus aureus, Bacillus subtilis, Escherichia coli and
Pseudomonas aeruginosa (Pratt et al., 1944). Additionally, the increase in pH resulting from
the photosynthetic activity can have a detrimental effect on the co-cultivated bacteria
(Mufoz and Guieysse, 2006; Unnithan et al., 2014). Similarly, it has already been reported
that bacteria can excrete metabolites presenting an algicidal effect towards microalgae
(Natrah et al., 2014). On the other hand, a symbiotic relationship may be found in microalgal-
bacterial interactions. During photosynthesis, microalgae release organic compounds that
can be used by bacteria as carbon and energy source and O that is used for the oxidation of
organic matter. On the other hand, bacteria release the CO> required for photosynthetic
reactions (Bordel et al., 2009; de Godos et al., 2009; Fouilland, 2012; Moriarty, 1997; Paerl
and Pinckney, 1996). However, cooperative interactions between microalgae and bacteria
are more complex than a simple nutrients exchange. Microalgae can serve as a habitat for
bacteria, protecting them from adverse environmental conditions (Unnithan et al., 2014) and
can enhance bacterial growth through the release of extracellular metabolites. Mandal et al.
(2011) have demonstrated that extracellular polymeric substances produced by the microalga

Amphidinium carterae have stimulated the growth of the bacterium Bacillus pumilus.

v" Supply of O, and organic
matter

4 Excretion of metabolites
that enhance bacterial

Excretion of growth- activity

promoting factors

Supply of CO, Microalgae

x Increasing of the pH of the
x Excretion of substances culture medium

with algicidal effect .
Bacteria x Excretion of substances

with bactericidal effect

Figure 2.3. Cooperative (v') and competitive (x) interactions established between microalgae and bacteria
(adapted from Mufioz and Guieysse (2006)).
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Likewise, bacteria are responsible for the excretion of growth-promoting factors, such as
vitamins (e.g. biotin, thiamine and cobalamine) and siderophores (important chelating agents
for microalgal growth under iron-deficient conditions) (Subashchandrabose et al., 2011). In
the study performed by De-Bashan et al. (2004), co-cultivation of Azospirillum brasilense
with C. vulgaris and C. sorokiniana in alginate beads enhanced microalgal growth and
improved nitrogen and phosphorus removal from a municipal wastewater used as culture
medium. Apart from being effective in nutrients removal, these systems can further improve
current wastewater treatment processes because (de Godos et al., 2009): (i) the costs
associated to the oxygenation of activated sludge tanks can be significantly reduced; and (ii)
the greenhouse effects associated to wastewater treatment plants can be considered

negligible, since the CO; released by bacteria is converted into organic matter by microalgae.

Table 2.8 presents an overview of different microalgal-bacterial consortia that have been
effectively applied in nitrogen, phosphorus and organic matter removal from different
wastewater sources. Taking into account the CO2/O> exchanges observed in these consortia
and the associated beneficial effects, the “activated algae” concept has emerged as an
attractive strategy for nutrients removal from wastewaters, combining the secondary and
tertiary treatment steps in a single process (McGriff and McKinney, 1972). These systems
have been firstly proposed by Oswald et al. (1957) using HRAPs, paddlewheel mixed,
shallow, raceway-type ponds that are completely oxygenated (Cai et al., 2013; Craggs et al.,
2013; Park and Craggs, 2011; Park et al., 2011; Rawat et al., 2011). Since this first report,
HRAPs have been successfully applied around the world, being able to treat different
wastewater streams, such as agricultural, domestic and industrial (Craggs et al., 2013; Park
and Craggs, 2010, 2011; Rawat et al., 2011). In these reactors, microalgae live together with
heterotrophic bacteria, promoting an effective removal of biochemical oxygen demand
(BOD), COD and nutrients (Craggs et al., 2013; Rawat et al., 2011). When treating a
domestic wastewater using a HRAP, Park and Craggs (2011) have reported NHs-N and
POs-P removal efficiencies of about 90 and 70%, respectively. Besides the advantages
already reported for HRAPs, these systems present some limitations regarding: (i) light
penetration and mixing, which are responsible for an imbalance between bacterial respiration
and oxygen production by microalgae; (ii) the presence of protozoa and predatory
zooplankton; and (iii) the necessity of a further harvesting step to separate small microalgae
from the treated effluent. To overcome problems related to light penetration, mixing and

presence of predators, several studies have proposed wastewater treatment using microalgal-
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bacterial consortia in closed PBRs. When growing a microalgal-bacterial consortium
composed by C. vulgaris and primary-treated municipal wastewater native bacteria in
tubular PBRs processing a primary-treated municipal wastewater (NHs-N and TP
concentrations of 17-207 and 1.4-19.5 mg L*, respectively), He et al. (2013) have
demonstrated removal efficiencies ranging between 30.9 and 100% for nitrogen and between
65 and 98% for phosphorus. Alcantara et al. (2015a) have used a closed tank to evaluate the
performance of a microalgal consortium from a HRAP treating diluted vinasse and activated
sludge native bacteria in nitrogen and organic matter removal from a synthetic wastewater
containing 120 mg L of NH4-N and 200 mg L of total organic carbon (TOC). These
authors have reported NHs-N removal efficiencies ranging between 75 and 96% and TOC
removal efficiencies ranging between 86 and 90%. To avoid the requirements for further
harvesting of microalgal biomass, some studies have reported the use of these consortia in
immobilized growth systems. Posadas et al. (2013) have used a biofilm reactor to promote
primary-treated domestic wastewater treatment (TN, PO4-P and TOC concentrations of 91,
7 and 181 mg L, respectively) by a centrate wastewater native microalgal-bacterial
consortium. This study has revealed TN, PO4-P and TOC removal efficiencies of 70, 85 and
90%, respectively. When growing C. sorokiniana and activated sludge native bacteria in a
tubular biofilm PBR treating primary-treated piggery wastewater containing 656 mg L™ of
NH4-N, 117 mg L of PO4-P and 1247 mg L of TOC, de Godos et al. (2009) have reported
the following removal efficiencies: 94-100% for NH4-N, 70-90% for POs-P and 45% for
TOC. Immobilization in solid carriers has also been reported in the literature. De-Bashan et
al. (2004) have used an immobilized culture of Chlorella sp. and A. brasilense in alginate
beads to treat a municipal wastewater with the following composition (in mg L™?): 0.1-4.3
NH3s-N, 4-5.2 NO3-N and 4.1 PO4-P. This study has resulted in an effective removal of
nitrogen (both NH4-N and NO3-N) and phosphorus, with removal efficiencies ranging
between 92 and 100%. To reduce time and costs associated to microalgal harvesting, some
authors have also described the use of artificial consortia consisting of flocculating
microorganisms. Van Den Hende et al. (2011) have reported the use of microalgal-bacterial
flocs, mainly composed by Chlorella sp., Pediastrum sp., Phormidium sp., Scenedesmus sp.
and activated sludge native bacteria, to treat a primary-treated municipal wastewater. The
results obtained in this study have shown that these flocs were able to remove 61.2% of TN
and 30.2-56.8% of PO4-P. Similarly, Su et al. (2011) have grown a settleable microalgal-
bacterial consortium in a primary-treated municipal wastewater, reporting a complete

removal of NH4-N, PO4-P removal efficiencies ranging between 54.5 and 72.6% and TOC
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and COD removal efficiencies of 75.2 and 98%, respectively. To further improve the
efficiency of these systems in nutrients removal, some authors have studied the effect of
culturing conditions, such as light, nutrients concentration, pH and microalgal:bacterial ratio
(Alcéantara et al., 2015b; Liang et al., 2013; Medina and Neis, 2007; Su et al., 2012b). Liang
et al. (2013) have studied the effect of pH in the performance of a microalgal-bacterium
consortium composed by C. vulgaris and Bacillus licheniformis in nitrogen and phosphorus
removal from a synthetic medium, reaching NH4-N removal efficiencies of 78% and TP
removal efficiencies of 92%. When evaluating the effect of algae:sludge ratios on nutrients
removal from a primary-treated municipal wastewater, Su et al. (2012b) have reported TN
removal efficiencies ranging between 93.7 and 95.8%, PO4-P removal efficiencies ranging
between 64.0 and 93.5% and COD removal efficiencies ranging between 91.2 and 96.2%.
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3. Materials and methods

3.1. Culture media

All the experiments regarding monocultures and microalgal consortia were performed in
Organization for Economic Co-operation and Development (OECD) test medium (OECD,
2011) with the following composition (per litre): 15 mg NH4Cl, 12 mg MgCl,-6H:0,
18 mg CaCl,-2H.0, 15 mg MgSOs4-7H20, 1.6 mg KH2POs, 0.08 mg FeCls-6H.0,
0.1 mg NaEDTA-2H.0O, 0.185 mg H3BO3z, 0.415 mg MnCl2-4H,O, 3 pg ZnCly,
1.5 pg CoCl,-6H20, 0.01 pg CuClz-2H20, 7 pg NazMo0O4-2H.0 and 50 mg NaHCO3
(pH=7.25+0.62). Since this growth medium presents low concentrations of nitrogen and
phosphorus, concentrations of these elements were increased to simulate the concentrations
commonly present in a secondary-treated effluent. Accordingly, NaNOz and KH2PO4 were
supplied at 250 and 45 mg L (Wang et al., 2010), respectively. Nitrate was used as nitrogen
source because this is the most thermodynamically stable form of inorganic nitrogen
(Barsanti and Gualtieri, 2006) and also because it is the most abundant nitrogen form in the
tertiary treatment step of wastewater treatment plants, where microalgae can play an

important remediation role (Wang et al., 2010).

The experiments regarding microalgal-bacterial consortia required an organic carbon source
to support bacterial growth. Accordingly, these experiments were performed in a synthetic
medium simulating a secondary-treated effluent with the following composition (per litre):
300 mg CeH1206, 250 mg NaNOs, 10 mg MgS0O4-7H20, 45 mg KH2PO4, 1 mg MnS0O4-H20,
0.46 mg CaCl,-2H>0, 0.05 mg FeCl3-6H20 and 0.06 mg Na;EDTA-2H,0 (pH=6.39£0.46).

Both media were sterilized by autoclaving at 121 °C for 15 min.
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3.2. Microorganisms and stock solutions preparation

The microorganisms used in this study were the microalgae C. vulgaris CCAP 211/11B and
P. subcapitata CCAP 278/4 and the cyanobacteria S. salina LEGE 06079 and M. aeruginosa
LEGE 91344. Both microalgae were obtained from Culture Collection of Algae and
Protozoa (CCAP, UK), whereas the cyanobacteria were obtained from the Laboratory of
Ecotoxicology, Genomic and Evolution of the Centre of Marine and Environmental
Research of the University of Porto (CIIMAR, Portugal). Selection of these microorganisms
was based on the following factors (Chinnasamy et al., 2009; McLarnon-Riches et al., 1998;
Philippis and Vincenzini, 1998; Wahlen et al., 2011): (i) these microorganisms can be easily
grown in laboratory cultures; and (ii) several authors have reported the use of these
microorganisms in a wide variety of biotechnological applications, such as CO2 capture,
wastewater treatment, biofuels production and synthesis of bioactive compounds. Stock
solutions of these microorganisms were prepared in OECD test medium (described in
Section 3.1). The cells were incubated for seven days in 500-mL flasks at room temperature,
under continuous fluorescent light with an irradiance of 120 uE m st at the surface of the
flasks. Agitation was promoted by bubbling atmospheric air (filtered through 0.22-pum
cellulose acetate membranes, Orange Scientific, Belgium) at the bottom of the flasks. After
this period, cells were harvested through centrifugation at 2,900 g for 15 min (in an
Eppendorf 5810 R centrifuge, Eppendorf, Germany) and appropriate dilutions in OECD test
medium (described in Section 3.1) were performed to obtain an inoculum concentration of

approximately 1.0x10° cells mL™.

For the microalgal-bacterial experiments, the bacteria selected to integrate the consortia were
isolated from the secondary treatment step of a MWTP located in Rabada (Santo Tirso,
Portugal), in May 2014. Activated sludge native bacteria were selected to constitute these
consortia because these microorganisms were already adapted to the environmental
conditions typically found in a MWTP. Among the microorganisms present in the samples,
only three of them were able to grow on the synthetic medium described in Section 3.1.
Accordingly, these microorganisms were isolated and identified (STABVIDA, Portugal)
through 16S rRNA gene sequencing using four different primers: 27F, 518F, 800R and
1492R. ldentification of these isolates has distinguished three rod-shaped Gram-negative
bacteria belonging to the family Enterobacteriaceae (phylum Proteobacteria): Enterobacter

asburiae, Klebsiella sp. and Raoultella ornithinolytica, formerly known as Klebsiella
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ornithinolytica. These microorganisms are commonly found in water, soil, plants, sewage
and others. After the isolation and identification steps, the isolates were grown in 250-mL
Erlenmeyer flasks using Luria Broth as culture medium. Cells were incubated overnight at
30 °C with orbital agitation (150 rpm). After the incubation period, cells were harvested
through centrifugation at 2,900 g for 15 min (in an Eppendorf 5810 R centrifuge, Eppendorf,
Germany) and appropriate dilutions in the synthetic medium described in Section 3.1 were
performed to obtain an inoculum concentration of approximately 1.0x108 CFU mL™ (CFU,

colony forming units).

3.3. Experimental setup and cultivation conditions

Taking into account the different strategies covered by this study (Section 1.2), different
experimental setups and cultivation conditions were adopted. The following sections
describe in detail the experimental setup and cultivation conditions used in the different steps

of this work.

3.3.1. Cultivation conditions using microalgal monocultures

To analyse the effect of light supply on microalgal monocultures (results presented in
Section 4.1), batch experiments of C. vulgaris, P. subcapitata, S. salina and M. aeruginosa
were performed in 500-mL flasks (VWR, Portugal) with a working volume of 400 mL
(Figure 3.1-A). Cells were cultivated in OECD test medium (described in Section 3.1) for
12 days in the following conditions: (i) initial cell concentration of approximately
1.0x108 cells mL™2, which corresponds to a biomass (cell dry weight - DW) concentration of
about 0.05-0.08 g DW L% (ii) initial pH was set at 7; (iii) room temperature (approximately
24.6%1.6 °C); and (iv) continuous aeration with the injection of atmospheric air at the bottom
of the flasks. The assays were carried out under different light irradiance values: 36, 60, 120
and 180 pE m s Several research studies have applied similar light irradiance values for
microalgal growth (Ho et al., 2012; Ho et al., 2010a; Ryu et al., 2009). For each irradiance
value, different light cycles were evaluated: 10:14, 14:10, and 24:0 (light:dark ratio). The
light:dark ratio of 24:0 was used because it promotes continuous photoautotrophic growth.
To reduce production costs in terms of light requirements, the light:dark ratios of 10:14 and
14:10 were applied to simulate the number of light hours during winter and summer time,

respectively. Taking into account the light irradiances and light:dark ratios evaluated in this
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study, the corresponding average daily light irradiances are summarized in Table 3.1. For

each condition, two independent experiments were performed.

To evaluate the combined effect of light supply and temperature on microalgal monocultures
(results presented in Section 4.2), batch experiments of C. vulgaris, P. subcapitata, S. salina
and M. aeruginosa were performed in 500-mL flasks (VWR, Portugal) with a working
volume of 400 mL (Figure 3.1-B). Cells were cultivated in OECD test medium (described
in Section 3.1) for 12 days in the following conditions: (i) initial cell concentration of
approximately 1.0x10° cells mL™, which corresponds to a biomass concentration of about
0.05-0.08 g DW L%, (ii) initial pH was set at 7; (iii) continuous aeration with the injection
of atmospheric air at the bottom of the flasks. The assays were carried out under different
temperatures (15, 25 and 35 °C) and incident light irradiance values: 36 and 180 uE m? s™.
The temperatures of 15, 25 and 35 °C were selected to simulate average temperatures
observed in cold, warm and tropical regions, respectively. Light irradiance values were
selected to observe the effect of low and high irradiance levels. For each temperature and
irradiance value, different light cycles were evaluated: 10:14, 14:10, and 24:0 (light:dark
ratio). Selection of these light:dark ratios was based on the factors already reported. Taking
into account the light irradiances and light:dark ratios evaluated in this study, the
corresponding average daily light irradiances are summarized in Table 3.1. For each

condition, two independent experiments were performed.

Table 3.1. Average daily light irradiances evaluated in this study considering light:dark ratios and light
irradiance values applied to the studied cultures

Light:dark ratio (h:h) Light irradiance (uE m?2s?)  Average daily light irradiance (uE m? s?)

10:14 36 15
60 25
120 50
180 75

14:10 36 21
60 35
120 70
180 105

24:0 36 36
60 60
120 120
180 180
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To evaluate the effect of CO. concentration in the air stream on microalgal monocultures
(results presented in Section 4.3), batch experiments of C. vulgaris, P. subcapitata, S. salina
and M. aeruginosa were performed in 500-mL flasks (VWR, Portugal) with a working
volume of 400 mL (Figure 3.1-C). Cells were cultivated in OECD test medium (described
in Section 3.1) for 7 days in the following conditions: (i) initial cell concentration of
approximately 1.0x10° cells mL™, which corresponds to a biomass concentration of about
0.05-0.08 g DW L% (ii) initial pH was set at 7; (iii) room temperature (approximately
23.4+2.1 °C); (iv) continuous light supply at an average daily light irradiance of 164+9 uE m
2 ¢l Additionally, the cultures were continuously fed with an air stream containing

atmospheric air and COo-enriched air (with CO2 concentrations of 3, 5, 7, 9 and

Lo = = 2

(c)

T
AL

Figure 3.1. Schematic representation of the experimental setup used for the evaluation of different
cultivation conditions in microalgal monocultures: light supply (A), light supply and temperature (B) and
CO, concentration in the air stream (C). (a) air pump; (b) filter; (c) fluorescent lamps; (d) cultivation flasks;
(e) thermostatic bath; (f) CO, bottle; (g) flow meters; (h) mixing column; (i) valves.
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10% v/v) at 0.5 vvm (volume of gas per working volume per minute). These concentrations
were selected because optimal CO. concentrations described for microalgae typically range
between 5 and 10% (v/v). Although these microorganisms can tolerate higher CO:
concentrations, several authors have reported maximum growth rates for CO2 concentrations
within this range (Hirata et al., 1996a; Hirata et al., 1996b; Maeda et al., 1995; Nakano et
al., 1996). These concentrations were obtained by mixing atmospheric air with CO: at
different proportions using two Key Instruments mass flow meters (RS Components, Spain),
as it is shown in Figure 3.1-C. Before injection at the bottom of the flasks, the air stream was
filtered through 0.22-um cellulose acetate membranes (Orange Scientific, Belgium). For

each condition, two independent experiments were performed.

3.3.2. Cultivation conditions using microalgal and microalgal-bacterial consortia

To study microalgal consortia (results presented in Section 4.4), batch experiments with
single and dual-species cultures of C. vulgaris, P. subcapitata, S. salina and M. aeruginosa
were performed in 500-mL flasks (VWR, Portugal) with a working volume of 400 mL
(Figure 3.2-A). Combination of these microorganisms has resulted in six different consortia:
C. vulgaris + P. subcapitata, C. vulgaris + S. salina, C. vulgaris + M. aeruginosa,
P. subcapitata + S. salina, P. subcapitata + M. aeruginosa and S. salina + M. aeruginosa.
Single cultures were performed at the same time as control. Cells were cultivated in OECD
test medium (described in Section 3.1) for 7 days in the following conditions: (i) initial cell
concentration of approximately 1.0x10° cells mL™ (in co-cultures, initial cell concentration
was approximately 2.0x10° cells mL™); (ii) initial pH was set at 7; (iii) room temperature
(approximately 24.2+1.5 °C); (iv) continuous light supply at an average daily light irradiance
of 165+10 pE m? s%; and (v) continuous aeration with the injection of atmospheric air at the

bottom of the flasks. For each condition, four independent experiments were performed.

To study microalgal-bacterial consortia (results presented in Section 4.5), batch experiments
with single and dual-species microalgal-bacterial consortia were performed in 500-mL flasks
(VWR, Portugal) with a working volume of 400 mL (Figure 3.2-B). In these experiments,
C. vulgaris was the photosynthetic microorganism selected to integrate these consortia
because it presents high ability for nutrients removal, being widely used in wastewater
treatment processes (Wang et al., 2010). Co-cultivation of C. vulgaris with the bacterial
isolates described in Section 3.2 has resulted in three different consortia: CE - C. vulgaris +
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A

Figure 3.2. Schematic representation of the experimental setup used for the evaluation of different consortia:
microalgal consortia (A) and microalgal-bacterial consortia (B). (a) air pump; (b) filter; (c) fluorescent lamps;
(d) cultivation flasks.

E. asburiae, CK - C. vulgaris + Klebsiella sp. and CR - C. vulgaris + R. ornithinolytica.
Single cultures of C. vulgaris and the bacterial isolates were performed at the same time as
control. Cells were cultivated in the synthetic medium described in Section 3.1 for 7 days in
the following conditions: (i) initial cell concentration of approximately 1.0x10° cells mL*
(for C. vulgaris) and 1.0x108 CFU mL™ (for the bacterial isolates); (ii) initial pH was set at
7; (iii) room temperature (approximately 22.3+0.7 °C); (iv) continuous light supply at an
average daily light irradiance of 162+8 pE m2 s%; and (v) continuous aeration with the
injection of atmospheric air at the bottom of the flasks. For each condition, four independent

experiments were performed.

3.3.3. Cultivation conditions in a 60-L open raceway pond

Batch experiments of the most effective microorganisms and/or consortia in terms of
biomass production, CO. uptake and nutrients removal (single C. vulgaris culture and SC
and CE consortia) were performed in an open raceway pond with a working volume of 60 L
(results presented in Section 4.6). As for the batch experiments conducted in the 500-mL
flasks, the culture medium used for the single C. vulgaris culture and for the SC consortium

was the OECD test medium, whereas the culture medium used in the experiments with the
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CE consortium was the synthetic medium, both of them described in Section 3.1. The
raceway pond (schematically represented in Figure 3.3) presented a length of 88.9 cm and a
width of 14.0 cm and was made of poly(methyl methacrylate) (PMMA). Operation of the
reactor was performed at a constant depth of 25.8 cm, performing a total surface area of
0.14 m? Mixing was promoted by a 12-blade paddlewheel with a diameter of 30.0 cm and
agitation was provided by a RZR 2021 mechanical stirrer (Heidolph Instruments, Germany).
Cells were cultivated for 12 days in the following conditions: (i) initial cell concentrations
similar to those used in the 500-mL flasks’ experiments (see Sections 3.3.1 and 3.3.2); (ii)
initial pH was set at 7; (iii) room temperature (approximately 18.9+1.0 °C); (iv) continuous
light supply at an average daily light irradiance of 23+2 uE m s™ at the surface of the liquid.

For each microorganism/consortium, two independent experiments were performed.

To evaluate which was the most suitable velocity to promote the complete agitation of the
culture broth, three fluid velocities were evaluated prior to the experiments with C. vulgaris
and the SC and CE consortia: 0.10, 0.15 and 0.20 m s™. Selection of these values was based
on the capacities of the mechanical stirrer used and on the fluid velocities required to avoid
the development of dead or stagnant zones, regions where little flow is observed. In these
regions, cells’ accumulation may occur, leading to the development of anaerobic conditions
where anaerobic bacteria can proliferate and to the reduction of the pond volume, thus
decreasing the residence time and biomass productivities (Hadiyanto et al., 2013). According
to Sompech et al. (2012), regions of the reactor presenting fluid velocities inferiorto 0.1 m s’

! are considered dead zones. Additionally, Hadiyanto et al. (2013) have reported

Figure 3.3. Schematic representation of the experimental setup used for the study of the most promising
microorganisms and/or consortia in a pilot-scale unit: general view (A) and experimental setup including the
mechanical stirrer used to promote the rotation of the paddlewheel (B).
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that a good mixing requires fluid velocities ranging between 0.1 and 0.3 m s, Taking into
account the fluid flow displaced by the blades of the paddlewheel and the cross-sectional
area of the fluid, rotational speeds required to achieve the studied fluid velocities were 26,
39 and 52 rotations per minute (rpm), respectively. These experiments were performed only
for the single C. vulgaris culture, being the experimental conditions the same as those
previously reported. Since a good mixing of the culture was obtained with the lowest
rotational speed and once the other studied velocities have not strongly influenced

microalgal growth, all the experiments were conducted at 26 rpm.

Finally, since the light supplied to the studied cultures has shown to be limiting for
microalgal growth and once these conditions were not representative of those typically found
in real environmental conditions, these experiments were reproduced in outdoor conditions
in three different periods, so that different average daily light irradiances and weather
conditions could be evaluated. As for the study of different rotational speeds, these
experiments were conducted only for the single C. vulgaris culture, and all other conditions
were maintained constant: (i) initial cell concentration of approximately 1.0x10° cells mL™,
which corresponds to a biomass concentration of about 0.2 g DW L?; (ii) initial pH was set
at 7; (iii) room temperature; and (iv) agitation was promoted through a paddlewheel rotating
at 26 rpm. With these experiments, average daily light irradiances evaluated corresponded
to 102, 153 and 204 uE m st Average daily light irradiances were determined through
hourly measurements of light irradiance (with the exception of the dark periods) during the

cultivation time.

3.4. Microalgal growth monitoring

Microalgal growth was daily monitored through (i) optical density (OD) measurements; (ii)
cell counting using an optical microscope; or (iii) cell dry weight determinations. For this,
samples were collected in duplicates at 24-h intervals. OD measurements were performed
by measuring absorbance at 750 nm in a V-1200 spectrophotometer (VWR, Portugal),
according to the method proposed by Pegallapati and Nirmalakhandan (2013). Cell
concentration (Ny, in cells mL™), was determined using a Neubauer counting chamber
(Marienfeld, Germany), under a Leica DM LB (Leica Microsystems, Germany) microscope.
Biomass concentration in terms of ash free dry weight (X, in mg DW L) was determined

by drying 10 mL of the collected samples for 24 h at 105 °C in previously dried and weighed
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porcelain crucibles, until a constant weight was obtained. The dried biomass was then
oxidized at 550 °C for 2 h in a muffle and re-weighed. The mass loss obtained after biomass
oxidation divided by the samples’ volume gives the ash free dry weight biomass
concentration. A linear regression was established between OD and cell and biomass

concentrations (Figure 1.1, Annex I). Table 3.2 presents the respective equations.

In the studies regarding microalgal and microalgal-bacterial consortia, microalgal growth of
single and dual-species cultures was evaluated through cell counting at 24-h intervals and
cell dry weight determinations in the first and last day of culturing. On the other hand,
bacterial growth was determined through CFU enumeration (Ng, in CFU mL™?) at 2-h
intervals for 8 h and then at 24, 48, 72, 96, 120, 144 and 168 h. For this, the necessary
dilutions were prepared and plated on Plate Count Agar (VWR, Portugal) plates using the
motion drop method (Reed and Reed, 1948) and plates were incubated at 30 °C for 16 h.

3.5. Daily measurements

For all the performed experiments, light irradiance, pH, temperature and dissolved oxygen
concentrations were daily monitored. Light irradiance was measured using an 1ISO-TECH
1335 (RS Components, UK) light meter, while pH was measured using a pH212 (Hanna

Instruments, Germany) microprocessor-based pH meter. Temperature and dissolved oxygen

Table 3.2. Calibration curves of OD and cell and biomass concentrations for the studied microorganisms

Microorganisms OD (750 nm)=m-Nor X+b R? DL QL

OD (750 nm) vs N (cells mL™?)

C. vulgaris y =((3.92 £ 0.06) x10®) - x + ((1.34 £ 0.60) x10?)  0.997 457x10° 1.52x106
P.subcapitata  y = ((5.45 % 0.08) x10°%) - x - ((4.33 £ 1.12) x103)  0.997 6.18x10°  2.06x10°
S. salina y = ((3.96 + 0.05) x10¢) - x + ((2.20 £ 0.73) x10?)  0.999 5.53x10°  1.84x10°

M. aeruginosa y =((6.21 +0.32) x10®) - x - ((4.36 + 3.10) x10?)  0.982 1.50x10% 5.00x10°

OD (750 nm) vs X (mg DW L)

C. wulgaris y = ((1.80 £ 0.03) x103%)- x + ((4.28 £ 2.72) x10%)  0.998 454 151
P. subcapitata y =(2.61 = 0.08) x10-3)- x + ((6.92 + 4.20) x10?)  0.995 48.2 161
S. salina y =(2.32 £ 0.16) x10%)- x - ((1.63 + 0.68) x10%) 0.972 88.3 294
M. aeruginosa y = (2.04 £ 0.10) x10%)- x + ((2.72 + 4.49) x107?) 0.986 66.1 220

0D - optical density measured at 750 nm; m - slope of the calibration curves; N - cell concentration (in
cells mL); X - biomass concentration (in mg DW L); b - intercept; R? - coefficient of determination; DL -
detection limit (in cells mL™* or mg DW L1); QL - quantification limit (in cells mL* or mg DW L%).
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concentration were measured using an Oxi 340i (WTW, Germany) oxygen sensor.

3.6. Kinetic growth parameters

Cell or biomass concentration values were used to determine specific growth rates (u,
in d1) and average biomass productivities (P, in mg DW L d1). Specific growth rates were

determined according to Equation 3.1:

InX, —InX; InN, —InN;
=—— o Uy=—"-"——7—

3.1
=t thh—t 1)

u
where X, and X; correspond to biomass concentrations (in mg DW L) and N, and N,
correspond to cell concentrations (in cell mL™* or CFU mL™) at times t, and ¢, (in d), the
end and beginning of the exponential growth phase, respectively. Average biomass
productivities were calculated from the variation in biomass concentration within the

cultivation time, as shown in Equation 3.2 (Feng et al., 2012; Jacob-Lopes et al., 2009):

X — X;
tr —t;

p= (3.2)
where X; and X; correspond to biomass concentrations (in mg DW L™) at times ¢; and ¢; (in

d), the end and beginning of cultivation time, respectively.

3.7. Mathematical modelling of microalgal growth in response to different cultivation

conditions

To determine the optimal growth conditions (average daily light irradiance, temperature and
CO2 concentration in the air stream) for the studied microorganisms, two kinetic growth

models were developed.

The behaviour of specific growth rates for increasing average daily light irradiance values

was described according to the model proposed by Steele (1977):

Topt

_ HMmax 'I_ e(l_ L ) (3.3)

Iopt
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where p,,4, corresponds to the maximum specific growth rate (in d) achieved by the
studied microorganisms, I denotes average daily light irradiance (in uE m? s?) and Lopt
corresponds to the optimal value of average daily light irradiance (in HE m? s?) for

microalgal growth.

On the other hand, the behaviour of specific growth rates for different temperatures was

assumed to follow a skewed normal distribution, as reported by Dauta et al. (1990):

(1-Topt)’ (3.4)

U= Unax "€ 202

where T is the temperature (in °C), T, is the optimal temperature (in °C) for microalgal

growth and ¢ is the standard deviation associated to the optimal temperature (in °C).

Equations 3.3 and 3.4 were used to establish a two-dimensional model, resulting in the

following expression:

, I T=Topt)’
_ HMmax I_e(l_l—) e—( o) (3.5)

opt/ + 202

Iopt

This expression was linearized (Equation 3.6) and the parameters i,y lopt, Tope aNd o
were determined by minimizing the sum of squared residuals using the Solver supplement
of Microsoft Excel 2013.

2
I T—-T
p1o (T To) (36)
Iopt Iopt 20

Inpu=mppe +In

Development of this model was based on specific growth rates determined for each of the
studied microorganisms when grown under different light and temperature conditions. These
data were collected from the results obtained in study and from other results obtained from

the literature, as it is possible to see in Table 1.1 (Annex I).

The behaviour of specific growth rates with increasing CO> concentrations in the air stream

was described according to the model proposed by Rosso et al. (1993):

(C —a)(C —b)*
(COPt - b)[(COPt - b)(c - COPt) - (Copt - a)(copt +b— ZC)]

U= Hmax " (3.7)
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where C denotes the concentration of CO in the air stream (in % v/v), a and b are model
parameters and C,,, is the optimal CO2 concentration in the air stream (in % v/v). The
parameters pmqy, @, b and C,,, Were also determined by minimizing the sum of squared

residuals using the Solver supplement of Microsoft Excel 2013.

The quality of both model fits was evaluated by calculating the coefficient of determination
(R?) and the root mean squared error (RMSE):
=1z — 2)?

R2=1- m (3.8)

RMSE = /M (3.9)
n

where z denotes the experimental values, Z the predicted values by the model, Z the average

of the experimental values and n the data size.

3.8. Elemental analysis of biomass and CO:2 uptake rate

In the last day of culturing, 10-mL samples were collected, washed twice with distilled water
and freeze-dried in a Labconco FreeZone Plus 2.5 freeze dryer (VWR, Portugal). The carbon
content of microalgal biomass was determined using a Flash EA1112 CHNS analyser
(Thermo Finnigan CE Instruments, Italy) equipped with a gas chromatography column and
a thermal conductivity detector. Average CO> uptake rates (R, in mg CO2 L d?) of the
studied microorganisms were calculated based on the relationship between microalgal
carbon content and average biomass productivities and assuming that all the CO> assimilated
by the studied microorganisms was incorporated in the biomass (de Morais and Costa,
2007b):

(3.10)

where a. is the carbon content of microalgal biomass (in % w/w) determined through
elemental analysis, and Mo, and M. correspond to the molecular weights (in g mol?) of

CO: and carbon, respectively.
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3.9. Nutrients concentration

Nutrients removal was evaluated by quantification of NOs-N and PO4-P in the culture
medium. In the experiments performed with microalgal-bacterial consortia, soluble COD in
the culture medium was also determined. In the experiments regarding the effect of light
supply and light supply and temperature, samples were collected in the first and last day of
culturing. In the other experiments, samples were collected on a daily basis.

To quantify nitrogen concentration, the collected samples were centrifuged at 16,500 g for
10 min (in an Eppendorf 5418 centrifuge, Eppendorf, Germany) and the supernatants were
stored at -20 °C until being analysed. NO3-N concentration was then determined according
to Standard Methods (APHA, 1999). Firstly, the supernatants were thawed, diluted
approximately 20 times in distilled water and filtered using 0.22-um cellulose acetate
membranes (Orange Scientific, Belgium). After filtration, absorbance of the samples was
measured at 220 nm using a quartz cuvette in a T80 UV/VIS spectrophotometer (PG
Instruments, UK). Distilled water previously filtered was used as blank. The calibration
curve (Figure 1.2, Appendix 1) was determined by preparing NaNOz standards with
concentrations ranging from 5 to 500 mg L and submitting them to the same procedure as

the analysed samples. Samples were analysed in triplicates.

To quantify phosphorus concentration, the collected samples were centrifuged and the
supernatants were stored at -20 °C until being analysed (as it was described for nitrogen).
Then PO4-P quantification was performed by measuring absorbance at 820 nm of a
phosphomolybdate complex formed by reaction of inorganic phosphate with ammonium
molybdate, as proposed by Lee et al. (2009). In this method, 60 pL of each of the thawed
supernatants was pipetted into a well of a 96-well microtiter plate and then 140 pL of the
reaction mix was added. The reaction mix was prepared by adding 1 part of reagent 1
(10% wi/v ascorbic acid) to 6 parts of reagent 2 (0.42% w/v (NH4)2M004-4H;0 in 1 N
H2SO.). The microtiter plate was incubated at 37 °C for 1 h and the absorbance was
measured at 820 nm in a Synergy ™ HT 96-well microplate reader (Biotek Instruments, Inc.,
USA). The blank was measured by repeating the procedure using distilled water. To
determine the calibration curve (Figure 1.3, Appendix 1), standards of KH2POs with
concentrations ranging from 1 to 60 mg L™ were submitted to the same procedure. Samples

were analysed in triplicates.
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Measurements of soluble COD were performed using the closed reflux titrimetric method
according to Standard Methods (APHA, 1999). The samples were refluxed in a strong acidic
solution with a known excess of potassium dichromate (K.Cr.07). After digestion, the
amount of consumed K>Cr,O7 was determined by titration of the unreduced K>Cr,07 with
ferrous ammonium sulphate (FAS) and the organic matter was calculated in terms of oxygen
equivalent. For this, the digestion vessels were filled with 2.5 mL of the collected samples,
1.5 mL of standard K>Cr,0O7 solution 0.01667 M (prepared by dissolving approximately
4.903 g of K2Cr207 in 500 mL of distilled water, followed by the addition of 167 mL of
H2SO4 and 33.3 g of HgSO4 and dilution to 1 L) and 3.5 mL of sulphuric acid reagent
(prepared by the addition of 5.5 g AgSOa4 to 500 mL H2SO4). The vessels were then placed
in the block heater and digestion was performed at 150 °C for 2 h. After this period the
vessels were cooled to room temperature and the contents were transferred to different
beakers for titration assays using a 0.10 M FAS solution (prepared by dissolving 39.2 g of
Fe(NHa4)2(S04)2:6H20 in distilled water, followed by the addition of 20 mL of H,SO. and
dilution to 1 L) as titrant and ferroin (Panreac, Spain) as indicator. The end point was
detected by a change in colour from blue-green to red. The blank was performed by repeating
this procedure using distilled water. Organic matter in terms of oxygen equivalent was

determined according to Equation 3.11:

(VFAS;B — VFAS;S) “ M 45 - 8000 (3.11)

CoD =
Vs

where V. g 1S the volume of FAS used in the titration of the blank (in mL), Vg,s. s is the
volume of FAS used in the titration of the samples (in mL), M is the molecular weight of

FAS and Vs is the sample’s volume (in mL).

3.10. Nutrients removal Kinetics

In the experiments where nutrients concentrations were determined in the first and last day
of culturing, average removal rates (Rg, in mg S L d?) and nutrients removal efficiencies
(R, in %) were determined. Average removal rates were calculated according to Equation
3.12:
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P 3.12
STt -t (3.12)

where S; and Sy correspond to nutrients concentrations (in mg S L1) at times t; and tr (in

days), respectively. Nutrients removal efficiencies were determined according to Equation
3.13:

Si— Sy
%R = ———x 100 (3.13)
i

Values corresponding to the time-course evolution of nutrients concentration (S(t), in
mg S L) were used to determine uptake rates (k, in d?). These determinations were
performed by fitting the experimental data to the modified Gompertz model (Zwietering et
al., 1990). This model has already been applied to describe microalgal (Celekli et al., 2008;
Celekli et al., 2009; Lacerda et al., 2011) and bacterial (Zwietering et al., 1990) growth and

was here simplified to determine nutrients uptake kinetics, as represented in Equation 3.14:
S() =S; + (S — Si) - exp(—explk - (A —t) + 1]) (3.14)

where A is the lag time (in days). The kinetic parameters, k and A, were determined by
minimizing the sum of squared residuals using the Solver supplement of Microsoft Excel
2013. The quality of the model fits was evaluated by calculating the performance indexes

R? and RMSE, as described in Equations 3.8 and 3.9, respectively.

3.11. Nitrogen and phosphorus mass fractions in microalgal biomass

For each nutrient a mass balance was written and the mass fractions (ag, in mg S mg™* DW)
of nitrogen and phosphorus incorporated into microalgal biomass were determined. This

mass balance was determined according to Equation 3.15 (Lee, 1992):

ds dX

e e — 3.15
ETRRC NPT (3.19)
By integrating Equation 3.15 over the cultivation time, Equation 3.16 was obtained:

(Si —Sf) = as - (X — X)) (3.16)
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With these data, the combined effect of average daily light irradiance and temperature on
nitrogen and phosphorus mass fractions was evaluated. For this, a multiple linear regression
analysis was performed according to the model described in Equation 3.17 (Bezerra et al.,
2008):

Z Z (3.17)
y = .80 + . .lel + .Bux + 1 .Bl]x xj t+e
1= <l<j

where y is the dependent variable k is the number of variables, S, is the constant term, B;
represents the coefficients of the linear parameters, x; represents the variables, §;; represents
the coefficients of the quadratic parameter, j;; represents the coefficients of the interaction

parameters and ¢ is the residual associated to the experiments.

To transform each real value into coordinates with dimensionless values, real values were

standardized according to Equation 3.18:

%=&_S (3.18)

S

where z; is the standard variable, X is the mean of x; values and s is the standard deviation.

The significance of the regression coefficients was evaluated through the calculation of their

confidence interval. The parameter g; is valid if:

2
1 a0 (3.19)
2

A Sxx;

where t is the Student t distribution, n is the number of points, « is the significance level

and S,.; is the sum of squares related to x; given by:
~_\2
?:1(961']' _ xi) . (3.20)

B; coefficients considered statistically significant to describe the behaviour of nitrogen and
phosphorus mass fractions in response to different light and temperature conditions were

determined according to the expression:
a = Bo+ BiT + Bl + BsT? + BuI? + BsTI (3.21)

where T is temperature (in °C) and I is average daily light irradiance (in pE m2s™).
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3.12. Zeta potential measurements and cell size distribution

Microalgal biomass grown in the 60-L open raceway pond was evaluated in terms of surface
charge and cell size distribution. Surface charge was determined through zeta potential
measurements. For this, microalgal suspensions were centrifuged at 2,900 g for 15 min (in
an Eppendorf 5810 R centrifuge, Eppendorf, Germany), washed twice and resuspended in
MilliQ water (Millipore, Billerica, MA, USA) to obtain a final concentration of about
5.0x10° cells mL?. Zeta potential was measured using a ZetaSizer Nano ZS (Malvern
Instruments, Worcestershire, UK). All the determinations were performed in a clear
disposable zeta cell at approximately 25 °C. Mean values of each studied suspension were
obtained by at least triplicate measurements of three independent experiments. Cell size
distribution was determined in a Beckman Coulter LS 230 (Beckman, Germany) particle
size analyser through laser diffraction. Using this method, cell size was determined in terms
of volume and number distribution. Samples from two independent experiments were

analysed in duplicates.

3.13. Statistical analysis

The statistical significance of the main results was evaluated using the Student’s paired t-
test to investigate whether the differences between the studied conditions could be
considered statistically significant. This analysis was performed using the statistical software
SPSS 22.0 (SPSS Inc., Chicago, USA). Statistical tests were carried out at a significance
level of 0.05.

3.14. Techno-economic assessment of a microalgal production unit

The construction of a high rate pond facility in Sines, Portugal is proposed in this study.
Sines is a municipality from the district of Setubal, which is located in the Alentejo Litoral
region. Total area of this municipality is approximately 203 km? and in 2011, its population
density was 70 inhabitants km, corresponding to a total of 14,210 inhabitants (PORDATA,
2013).

As it was referred in Section 2.3.1, microalgal culturing in open ponds strongly depends on

environmental factors, such as temperature, solar light irradiation and evaporation rates.
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Therefore, selection of an adequate site for the installation of an algal facility should take
into account these parameters. The average annual temperature observed in the region of
Sines is around 17.2 °C (monthly minimum, maximum and average temperatures are
presented in Figure 3.4-A). Horizontal light irradiation in Sines municipality (Figure 3.4-B)
presents an annual average of 5.21 kWh m2 d! (JRC, 2013). Water evaporative losses in
open ponds are very common. Evaporation rate depends on different factors, such as
(Rodrigues, 2009): (i) water temperature in the air-water surface; (ii) air-water surface area;
and (iii) air temperature. Evaporation rates in lagoons from the south of Portugal were
determined by Rodrigues (2009). In this study, the author has demonstrated average
evaporation rates of 7.5 cm month™,

Selection of this local site was based on these environmental factors. However, other
characteristics were considered: (i) the flat topography of this region, which avoids the need
for land preparation before open pond construction; (ii) the presence of a thermoelectric
power plant in this area, which can supply the facility with the required CO2 and other
utilities, such as steam; (iii) the presence of a biodiesel production plant able to generate
energy from raw materials, such as oils and animal fats, with a production capacity of
27 kt yrt; (iv) the closeness to the coast, so that seawater can be easily used if required; and
(v) the availability of sufficient domestic wastewater to feed the algal facility (the wastewater
load at a typical Portuguese wastewater treatment plant is about 1,000 m® h* for a population
equivalent of 170,000 inhabitants and the number of inhabitants of Setubal district is
approximately 867,000 (PORDATA, 2013)).
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Figure 3.4. Minimum (black line), maximum (grey line) and average (dashed line) temperature (A) and
horizontal solar irradiation (B) observed per month in Sines municipality, Portugal (Chazarra et al., 2001;
JRC, 2013).
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3.14.1. Process flowsheet and scenarios description

The overall process is schematically represented in Figure 3.5. As open pond systems are
more commonly used for commercial-scale applications (Borowitzka, 1999; Jiménez et al.,
2003; Tredici and Materassi, 1992) and lower investment and operational costs (important
advantage in bioenergy production) are required, they are proposed in this study for
C. vulgaris growth using domestic wastewater as culture medium (Syw). C. vulgaris is a
fast-growing microalga widely applied in wastewater treatment processes and biofuels
production, due to its high biomass productivities and lipid contents and to their high ability
for nutrients removal and resistance to contaminations (Chisti, 2007; Lardon et al., 2009;
Wang et al., 2010). Additionally, the potential of this microalga for biomass production, CO-
capture and nutrients removal has been demonstrated in this study (in Sections 4.1-4.6). As
it was referred in Section 2.4.2, nitrogen and phosphorus concentrations in domestic
wastewaters typically range between 25-55 and 7-12 mg L, respectively. In this study,
nitrogen and phosphorus concentrations in the domestic wastewater were assumed to be 50
and 10 mg L%, respectively (the same range of concentrations as those used in this study for
culture medium preparation — Section 3.1). To enhance biomass productivities, CO, can be
provided to cultures using flue gases from a thermoelectric power plant and some refinery
processes (e.g., steam methane reforming). Microalgal biomass (S, - output stream of open
ponds) is then harvested by autoflocculation in a clarifier (Sy3) followed by centrifugation
(So4) to a concentration of about 20% (w/w). To avoid the use of chemicals, cell disruption
procedure suggested was the continuous pulsed electric field (PEF) tested for lipids
extraction from C. vulgaris by Flisar et al. (2014). The extracted lipids (S,5) will be sold to
the biodiesel plant located nearby. After a dehydration step, the remaining biomass (Syg) iS
then forwarded to the anaerobic digestion process. The output streams of this process are the
following: (i) biogas that is burned in the combined heat and power (CHP) generation unit
(So7); (ii) fertilizer, considered a product of the process (Syg); and (iii) wastewater that is

recycled to the open ponds (Sap).

In this study, seven scenarios were considered, characterized by different efficiencies in
some of the most important steps of the microalgal facility (Table 3.3). In the scenarios 1
(base scenario), 2 and 3, the effect of photosynthetic efficiency (2, 1 and 3%, respectively)
was analysed. These values have already been determined for open ponds. Photosynthetic

efficiencies achieved in open systems lie between one tenth and one third of the “theoretical”
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Table 3.3. Characterization of the seven scenarios (Sc) evaluated in this study

Scenarios’ assumptions Scl Sc2 Sc3 Sc4 Sch Sc6 Sc7
Photosynthetic efficiency (%) 2 1 3 2 2 2 2
Biomass productivity (g m? d?) 16.4 8.2 24.6 16.4 16.4 16.4 16.4
Lipids extraction efficiency (%) 75 75 75 60 90 75 75
Anaerobic digestion efficiency (%) 45 45 45 45 45 30 60

value of 10%, due to several losses (Jiménez et al., 2003; Norsker et al., 2011; Williams and
Laurens, 2010): (i) inactive photon absorption; (ii) reflection; (iii) respiration; (iv) light
saturation; and (v) photo-inhibition. In the scenarios 1, 4 and 5, the efficiency of lipids
extraction (75, 60 and 90%, respectively) was assessed. PEF extraction efficiencies between
60 and 90% have already been reported in the literature (Flisar et al., 2014; Joannes et al.,
2015; Show et al., 2015). Since lipids extraction efficiency is easier to control than cell lipid
content, this value was assumed to be constant (25%). In the scenarios 1, 6 and 7, the
efficiency of anaerobic digestion (45, 30 and 60%, respectively) was compared, since
different studies have reported anaerobic digestion efficiencies within this range of values
(Kinnunen et al., 2014; Tran et al., 2014).

3.14.2. Mass balance

Briefly, the process comprises four different steps (Figure 3.5): (i) microalgal growth; (ii)
microalgal harvesting; (iii) combined cell disruption and lipids extraction; and (iv) anaerobic
digestion followed by electricity production. For each process unit, mass balances were
determined. Additionally, the net CO> balance was determined, taking into account the CO-
streams involved in the process. In the cultivation step, CO; is fed into microalgal cultures.
On the other hand, anaerobic digestion and electricity production in the CHP generation unit

release CO».

3.14.3. Energy balance

In this process, energy is mainly required in the following steps: microalgal cultivation,
microalgal harvesting and cell disruption and lipids extraction. The energy balance

performed to the microalgal facility allowed the evaluation of the energetic performance for
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each of the studied scenarios. Accordingly, the energy returned on energy invested (EROEI)
was determined as described in Equation 3.22:

Ener roduced in the microalgal facilit .
EROE] = ETeT9y D gal facility (3.22)

Total energy required

3.14.4. Economic assessment

The economic analysis of an industrial process should take into account the investment
capital, also known as fixed capital, as well as annual production costs and annual revenues.

With these parameters, it is possible to determine the economic viability of the project.

Fixed capital is the total investment cost needed to create the facility. It includes the
equipment acquisition and installation costs, piping and electrical costs and also the costs of
buildings, yard improvements, service facilities and land. Acquisition costs were determined
for almost all the equipment required in this process. These costs were defined according to
values already reported in the literature for different years and were normalized to 2015 cost

basis using the Chemical Engineering Plant Cost Index, PCI, according to Equation 3.23:

PCI
PCIbase

Cost = Base cost - (3.23)
The correct estimation of total capital investment should also include cost factors associated
to direct and indirect costs. In the direct costs, typical factors that should be considered are:
(i) installation costs; (ii) instrumentation and control; (iii) piping; (iv) electrical equipment
and materials; (v) buildings; (vi) yard improvements; and (vii) service facilities. Indirect
costs comprise engineering and supervision, construction expenses, contractor’s fee and
contingency (Peters and Timmerhaus, 1991). These factors typically represent a fraction of
the total purchase costs.

To evaluate the economic viability of a project, it is also necessary to determine the annual
production costs. These costs include variable and fixed costs. Variable costs oscillate
according to productivity rates. In this study, these costs comprise raw materials,
miscellaneous materials, utilities, such as electricity and steam, costs associated to the pre-
concentration step with NaOH and to PEF extraction and shipping and packaging. On the

other hand, fixed costs are constant and do not oscillate with productivity rates. In these costs
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are included maintenance, operating labour, laboratory costs, supervision, plant overheads,
insurance, local taxes and royalties. Normally, estimation of these costs is done by attributing
a percentage of fixed capital or other variables to each of the referred parameters (Sinnott
and Towler, 2009).

The viability of a project can be evaluated through the determination of net present value
(NPV) and internal rate of return (IRR). NPV is the sum of present values of the individual

cash-flows (revenues minus costs):

NPV = Zn Ch (3.24)
Lo (1) .

where CF; corresponds to the cash flow in the year i and r is the interest rate. When NPV is
positive, the viability of the project is ensured because it implies that net income is higher
than costs. On the other hand, IRR is the interest rate that makes NPV of all cash flows (both
positive and negative) from a particular investment equal to zero. In other words, IRR is the
minimum interest value for which there is no income, but there are no other costs. Therefore,
a project is economically feasible when this value is higher than the interest rate, so that

revenues are higher than costs (Mitha, 2004).

To evaluate the time required to pay the investment, the payback time was determined

according to Equation 3.25:

Fixed capital

Payback time = (3.25)

Revenues — Annual production costs
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4. Results and discussion

4.1. Microalgal monocultures: the effect of light supply

4.1.1. Microalgal growth

Phototrophic cultivation of microalgae strongly depends on light energy. The growth of
different microalgal strains under different light irradiance values and with different light
cycles (different average daily light irradiances) has shown that these factors have a great
influence on kinetic growth parameters. Figure 1.1 (Annex II) shows the growth curves
obtained for C. vulgaris, P. subcapitata, S. salina and M. aeruginosa grown under the
studied light conditions. Typical growth curves obtained when growing microalgae in batch
conditions are very similar to those observed for bacterial growth, which consist of six
different growth stages (Barsanti and Gualtieri, 2006; Monod, 1949): (i) adaptation or lag
phase; (ii) acceleration phase; (iii) exponential or log phase; (iv) retardation phase; (v)
stationary phase; and (vi) declining phase. In the growth curves presented in Figure I1.1, it
is possible to distinguish exponential and retardation phases. However, for S. salina and
M. aeruginosa cultures performed with the lowest light irradiance values (36 and
60 HE m? s) and the lowest light period (average daily light irradiances of 15 and
25 uE m? s, respectively), it was possible to observe an adaptation phase of one day. For
the other cultures the exponential growth phase started before completing the first day of
culturing. Regarding the other growth phases, almost all cultures presented an exponential
growth phase with the same duration, reaching the retardation phase on the seventh day of
culturing. Similar behaviour was observed by Jacob-Lopes et al. (2009), when the effect of

light cycles on Aphanothece microscopica N&geli cultures was analysed. The higher
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adaptation phases observed in the lowest light conditions suggest that the studied
microorganisms are better adapted to higher light supplies. Regarding the influence of light
supply on kinetic growth parameters, Figure 4.1 shows the evolution of specific growth rates
with increasing light supply for each of the studied microorganisms and Table 4.1 presents

maximum biomass concentrations and average biomass productivities achieved.

Values obtained for specific growth rates have shown a minimum of 0.214+0.030 d* for
S. salina grown under an irradiance of 36 uE m? s and a light:dark ratio of 10:14 (average
daily light irradiance of 15 pE m™ s), which was not statistically different (p=0.44) from
the one obtained for P. subcapitata grown in the same conditions (0.230+0.024 d%).
Maximum values of 1.19+0.04 d™* were achieved by C. vulgaris grown under an irradiance
of 180 pE m? s and a 24-h light period (average daily light irradiance of 180 pE m 2 s?),

which was not statistically different from the values obtained for P. subcapitata
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Figure 4.1. Specific growth rates (i, in d*) determined for C. vulgaris (A), P. subcapitata (B), S. salina (C)
and M. aeruginosa (D) grown under different light conditions. Average daily light irradiances were obtained
by submitting microalgal cultures to different light irradiances (36, 60, 120 and 180 uE m2 s%) and different
light:dark ratios (10:14, 14:10 and 24:0). Error bars correspond to the standard deviation of the mean
determined for two independent experiments.
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(1.13+0.03 d%; p=0.08) and S. salina (1.14+0.03 d! p=0.10). Similar specific growth rates
between C. vulgaris and P. subcapitata have already been reported (Pires et al., 2013b).
Comparing the effect of light irradiance and light:dark ratio on specific growth rates, Figure
4.1 shows that an increase in light irradiance and in light exposure time (average daily light
irradiance) contributes to higher specific growth rates in all studied microorganisms. Apart
from a few exceptions, a statistically significant (p<0.05) increase in specific growth rates
was observed for higher light irradiance values and higher light periods. These results are
consistent with previous studies that reported a positive correlation between specific growth
rates and light irradiance and period for different microalgae (Janssen et al., 1999; Sorokin
and Krauss, 1958). Regarding maximum biomass concentrations and average biomass
productivities (Table 4.1), a similar behaviour was observed. In general, higher light
irradiance levels and light periods (average daily light irradiances) led to an increase in
maximum biomass concentrations achieved and average biomass productivities. The highest
value of maximum biomass concentration, (1.35+0.13)x10% mg DW L™, was achieved by C.
vulgaris under an irradiance value of 180 pE m? s and a 24-h light period (average daily
light irradiance of 180 pE m2 s?). Statistically lower values, 798+36 mg DW L (p<0.01),
were obtained for P. subcapitata grown under the same conditions. Maximum biomass
concentrations of (1.26+0.06)x10% and (1.17+0.06)x10° mg DW L were achieved by S.
salina and M. aeruginosa when grown in the same light conditions. However, these values
were not statistically different (p>0.05) from the one determined for C. vulgaris. In the case
of average biomass productivities, the lowest value, 21.5+2.3 mg DW L d!, was achieved
for P. subcapitata under the lowest light supply (average daily light irradiance of 15 uE m-
2 51). On the other hand, the highest average biomass productivity value, 133+13 mg DW L
1 d?, was achieved by C. vulgaris grown with a light irradiance of 180 uE m2 s and a
light:dark ratio of 24:0 (average daily light irradiance of 180 pE m2 s?). S. salina and M.
aeruginosa showed a similar behaviour in terms of average biomass productivity. The
highest values achieved were 108+5 and 107+5 mg DW L* d! for S. salina and M.
aeruginosa, respectively, under the highest light irradiance value and with continuous light
supply (average daily light irradiance of 180 uE m s1). These values were statistically
higher (p<0.05) than the highest average biomass productivity achieved by P. subcapitata:
74.5+3.4 mg DW Lt dL.

These results suggest that the studied microorganisms behave similarly when light irradiance

and light exposure time is increased. However, the low productivity values achieved for
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P. subcapitata, indicate that application of this microalga may be limited when the aim is to

maximize biomass productivities at atmospheric CO2 concentrations.

4.1.2. CO2 uptake rates

Table 4.2 presents the mass fractions of carbon present in microalgal biomass determined
through elemental analysis and CO> uptake rates determined using these values and average
biomass productivities achieved in each of the studied conditions. Regarding carbon contents
present in microalgal biomass, Table 4.2 shows that these values were not strongly
influenced by an increase in light supply. Average carbon content determined for microalgal
biomass in the studied conditions was 44.20+1.14% (w/w), which is in accordance with
carbon contents reported for S. obliquus and Chlorella pyrenoidosa (approximately
50% wi/w) in the study performed by Tang et al. (2011). On the other hand, Table 4.2
evidences that, in general, an increase in light supply resulted in an increase in CO, uptake
rates. An increase in biomass productivities and in CO2 uptake rates with increasing light
supply has already been described (Richardson et al., 1983; Rubio et al., 2003). In fact, at
light irradiance values below the light saturation point, photosynthetic rate is directly
proportionally to light irradiance, resulting in an increase in biomass productivities and in
CO. uptake. For irradiance values above the light saturation point, a photooxidation process
occurs, damaging the photosystems and inhibiting photosynthesis and microalgal growth
(Pulz, 2001; Suh and Lee, 2003). Similar results were observed in the studies performed by
Jacob-Lopes et al. (2009) and Pires et al. (2013b). A maximum value of
195419 mg CO; L! d* was obtained for C. vulgaris grown with a light irradiance of
180 uE m? st and with a light:dark ratio of 24:0 (average daily light irradiance of
180 pE m2 s1). Similar CO, uptake rates are expected for both cyanobacteria grown in the
same light conditions, since no statistically differences were observed on biomass
productivities achieved by these microorganisms under an average daily light irradiance of
180 puE m? st However, CO, uptake rate determined for P. subcapitata in the same
culturing conditions was statistically lower (p=0.02): 129+6 mg CO, L™t dL.

The evolution of dissolved oxygen concentration and pH in culture medium can also give
information about CO> uptake and hence, photosynthetic activity. Figures 11.2 and 11.3 from
Annex Il present, respectively, the daily evolution of dissolved oxygen concentration and
pH in the culture medium for all studied conditions. Daily variation of dissolved oxygen
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concentration may be related to photosynthetic activity of microalgae, since photosynthetic
microorganisms convert CO into O, according to Equation 2.1. Therefore, an increase in
dissolved oxygen concentration in the culture medium can be associated to an increase in
the photosynthetic activity (Kliphuis et al., 2011; Sdnchez Mirén et al., 1999; Ugwu et al.,
2007). Furthermore, all studied cultures experienced a significant increase after 24 h of
culturing, meaning that photosynthetic activity in the first days of culturing was higher. In
the following days, dissolved oxygen concentration remained approximately constant,
especially after the seventh day of culturing, which can be associated to the reaching of the
retardation phase (as shown in Figure 11.2, Annex Il), where specific growth rate becomes
null and therefore, there is no increase in photosynthetic activity and in dissolved oxygen
concentration. However, for cultures supplied with higher light irradiance values and for
longer periods (average daily light irradiances of 60, 120 and 180 uE m s1), a decrease in
dissolved oxygen concentration in the last days of culturing was observed, tending to reach
its initial value. This decrease may be associated to a decrease in photosynthetic activity,
mainly due to nutrients limitation. In fact, determination of nutrients (nitrogen and
phosphorus) concentration in the first and last day of culturing has shown a significant
reduction in NOs-N concentrations in the referred light conditions, as it is described in
Section 4.1.3. When nutrients concentration is a limiting growth factor, microalgae tend to
cease photosynthetic reactions, reaching the stationary growth phase and thus lowering

dissolved oxygen concentration towards the equilibrium concentration.

On the other hand, pH values are related to the equilibrium established between CO. bubbled
in the atmospheric air stream and HCOz3 present in the culture medium, as described in
Section 2.3.3. Photosynthetic CO> uptake by microalgae leads to an equilibrium change.
Then, the equilibrium shifts to counteract the decrease of CO2 concentration in the medium:
some HCOs™ will form CO2 and OH", in order to maintain the equilibrium, and some CO3z*
will take up a proton and form HCO3™ (H,0 + CO3~ — HCO3 + OH™) to compensate for the
decrease in [HCO37] (Uusitalo, 1996). These changes in the equilibrium lead to the release
of OH" ions and result in a new equilibrium at an increased pH. On the other hand, if
microalgae uptake HCOs3', the equilibrium is altered and a new one is achieved by either
removal of H* or addition of OH" ions, increasing the overall pH of the culture medium.
Therefore, analysis of Figure 11.3 (Annex Il) suggests that increasing pH values for all the
studied cultures during the first four days is related to an increase in carbon uptake and hence,
in photosynthetic activity. Additionally, the higher pH values achieved for higher light
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supplies confirm the positive effect of light supply on biomass productivities and suggest
higher CO; uptake rates in these conditions. As well as for dissolved oxygen concentrations,
it is possible to observe a period where pH values remain constant or present a slightly
decrease, which can be associated to a break in carbon uptake from microalgae. In this
period, starting at seventh day of culturing, it was observed the beginning of retardation
phase, which explains why carbon uptake was ceased and why pH values remain
approximately the same. For cultures where higher light conditions were supplied, there was

even a decrease in pH values, which can be attributed to nutrients limitation.

These results have shown that microalgal culturing can be effective in CO> capture from the
atmosphere, which may reduce costs associated with CO2 supply. Apart from P. subcapitata,
all studied microorganisms seem to be effective in CO> capture due to their high biomass

productivities, being promising alternatives for large-scale production.

4.1.3. Nutrients removal

In this study nitrogen and phosphorus concentrations were determined in the first and last
day of culturing to evaluate the removal efficiencies of these nutrients under the studied

conditions. Average removal rates and removal efficiencies are presented in Table 4.3.

Concerning nitrogen removal, when the lowest irradiance values (36 and 60 uE m= s™) and
the lowest light period (10:14) were applied (average daily light irradiances of 15 and
25 uE m? s), all studied microorganisms have shown removal efficiencies lower than the
values established by EU legislation: removal efficiencies in these conditions were not
higher than 66.4% (average removal rate of approximately 1.79+0.01 mg N Lt d?b).
However, when higher average daily light irradiances were applied, removal efficiencies
higher than 70% were obtained in all cultures except in those of P. subcapitata grown under
the following conditions: light irradiance of 180 uE m2 s and light:dark ratio of 10:14
(average daily light irradiance of 75 pE m? s™) and light irradiance of 60 pE m2 s and
light:dark ratio of 14:10 (average daily light irradiance of 35 uE m? s1). Additionally, when
grown under continuous light supply, all studied microorganisms have shown removal
efficiencies of about 100%. The same result was observed for all microorganisms grown
under a 14:10 light:dark ratio and light irradiances of 120 and 180 uE m s (average daily
light irradiances of 70 and 105 uE m s, respectively). These results have shown that higher
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light supplies favour nitrogen removal and that, in general, the studied microorganisms can
be effectively applied in nitrogen removal. High nitrogen removal percentages have also
been described in the literature. In the study performed by Xin et al. (2010), Scenedesmus
sp. was able to remove 90.4% of NOs-N after 13 days of cultivation with an initial NOs-N
concentration of approximately 15 mg N L, a light irradiance of 25 pE m?2 s and a
light:dark ratio of 14:10. A TN removal efficiency of 82.70% was obtained for Chlorella
zofingiensis when cultured in a piggery effluent (with a TN concentration of 148 mg N L)
under constant light irradiance of 230 uE m? s (Zhu et al., 2013).

Regarding phosphorus uptake, removal efficiencies were far from satisfactory, as the
minimum percentage of reduction established by EU legislation (80%) was not achieved.
However, it is possible to state that increasing light irradiance values and light period
resulted in higher phosphorus removal rates. In this study, all microorganisms have
demonstrated a similar behaviour in terms of phosphorus uptake. However, the highest
phosphorus removal, 67.6+7.1% (0.588+0.029 mg P L d!), was achieved by C. vulgaris
grown under continuous light supply with an irradiance of 180 uE m s’ (average daily light
irradiance of 180 pE m s). This value was statistically higher (p<0.05) than the highest
removal efficiencies achieved by the other studied microorganisms. However, phosphorus
removal efficiencies obtained in this study were lower than those referred in the literature.
PO4-P removal percentages close to 100% were obtained for Scenedesmus sp. and
C. zofingiensis in the studies performed by Xin et al. (2010) and Zhu et al. (2013),

respectively.

The effect of light irradiance on nitrogen and phosphorus removal has already been described
by Silva-Benavides and Torzillo (2012). In this study, the authors have reported that an
increase in light irradiance from 20 to 60 uE m s resulted in a more efficient removal of
both nitrogen and phosphorus in batch cultures of C. vulgaris and Planktothrix isothrix,
which is in accordance with the results demonstrated in this study. The discrepancy between
nitrogen and phosphorus removal efficiencies obtained in this study suggests a nitrogen-
limitation to microalgal growth in the cases of higher reduction percentages. According to
the study performed by Bhola et al. (2011), C. vulgaris reached its maximum concentration
for NOs-N concentrations of approximately 824 mg N L. In this study, nitrogen was
supplied at a concentration of about 41.2 mg N L. As this value is lower than the one

reported by Bhola et al. (2011), nitrogen limitation might have occurred in this study.
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Furthermore, nitrogen limitations in wastewaters are very common, since low ratios between
nitrogen and phosphorus, about 5:1, suggest a limitation of this nutrient to microalgal growth
(Larsdotter, 2006). As the ratio between these nutrients in this study was approximately 9:1,
it is possible to state that nitrogen was supplied in concentrations that can limit microalgal
growth. To confirm the hypothesis of nitrogen limitation, higher nitrogen concentrations
should be supplied to microalgal cultures.

4.1.4. Cell composition

The effect of light supply on cell composition was determined through the mass balances
determined for nitrogen and phosphorus. Table 4.4 presents nitrogen and phosphorus mass
fractions determined in microalgal biomass under the studied light conditions. Analysis of
data present in Table 4.4 suggests that both nitrogen and phosphorus mass fractions were not
strongly influenced by average daily light irradiance, since no statistical difference (p>0.05)
was observed between the studied light irradiance values. However, these values can be
related to the nitrogen limitation phenomenon discussed in Section 4.1.3, since average
nitrogen and phosphorus mass fractions determined in microalgal biomass were lower than
those reported in the typical composition of microalgal biomass (COo.4¢H1.83No.11Po.01): 6.59
and 1.33% (w/w), respectively (Chisti, 2007). Average nitrogen mass fraction was
3.75£0.92% (w/w), whereas average phosphorus mass fraction was 0.448+0.153% (w/w).
The low nitrogen and phosphorus mass fractions determined in this study (approximately
half of those reported in the above described molecular formula) suggest that the amounts of
nitrogen and/or phosphorus supplied were not enough to satisfy microalgal requirements,
thus confirming the hypothesis of nutrients limitation. The achievement of low nitrogen mass
fractions in nitrogen-limited conditions has already been reported by Richardson et al.
(1969). Additionally, it is possible to see from Table 4.4 that the lowest nitrogen mass
fractions were obtained for cultures grown with the highest light supply (average daily light
irradiance of 180 pE ms°). Under these conditions, nitrogen mass fractions determined for
C. vulgaris, P. subcapitata, S. salina and M. aeruginosa were 1.95+0.24, 3.19+0.17,
1.98+0.11 and 2.42+0.12% (w/w), respectively. For these light conditions, and provided that
nitrogen was supplied in non-limiting concentrations, higher nitrogen mass fractions would

be expected in microalgal biomass.
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4.2. Microalgal monocultures: the combined effect of light supply and temperature

4.2.1. Microalgal growth

When growing autotrophically, microalgae strongly depend on light supply and temperature
(Barsanti and Gualtieri, 2006; Hu, 2004a). These environmental factors influence growth
dynamics, including the specific growth rates, maximum biomass concentrations and
average biomass productivities. Figure 111.1 (Annex II1) shows the growth curves obtained
for C. vulgaris, P. subcapitata, S. salina and M. aeruginosa under the studied light and
temperature conditions. Analysis of Figure 111.1 (Annex I1I) clearly shows that the growth
of the studied microorganisms was favoured by increased light supplies and moderate
temperatures (approximately 25 °C). This was observed by the significant increase in
biomass concentrations within the cultivation time under these conditions and by the almost
negligible adaptation phase observed in these cultures. Regarding the influence of light and
temperature on kinetic growth parameters, Figure 4.2 shows the effect of average daily light
irradiance and temperature on specific growth rates of C. vulgaris, P. subcapitata, S. salina
and M. aeruginosa. Maximum biomass concentrations achieved and average biomass
productivities determined under these conditions are shown in Table 4.5. Specific growth
rates determined for the studied microorganisms ranged from 0.0188+0.0033 d™* (for P.
subcapitata grown at 35 °C with an average daily light irradiance of 15 pE m? s?) to
1.19+0.04 d* (for C. vulgaris grown at 25 °C with an average daily light irradiance of
180 uE m2s1). Regarding light supply, an increase in average daily light irradiance resulted
in statistically higher (p<0.05) specific growth rates. Several studies have already reported
the increase of specific growth rates with increasing light supplies (Sanchez et al., 1996;
Schlesinger et al., 1981; Sorokin and Krauss, 1958). A positive relationship between specific
growth rates and average daily light irradiance is not surprising, since microalgal growth is
mainly autotrophic, requiring light as the major energy source. These results indicate that
higher light supplies favoured the photosynthetic activity of the studied microorganisms,
which was confirmed by the increase observed in average pH of the studied cultures: from
8.12+0.29 (at 15 pE m2s7) t0 8.76+1.03 (at 180 uE m?s2). Figure 111.2 (Annex I11) presents
the time-course evolution of pH in the culture medium for C. vulgaris, P. subcapitata,
S. salina and M. aeruginosa cultures grown under the studied light and temperature

conditions. The increase in pH of the culture medium is related to an increase in carbon
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Figure 4.2. Specific growth rates (i, in dt) determined for C. vulgaris (A), P. subcapitata (B), S. salina (C)
and M. aeruginosa (D) grown under different light and temperature conditions. Average daily light
irradiances were obtained by submitting microalgal cultures to different light irradiances (36 and
180 uE m2 s) and different light:dark ratios (10:14, 14:10 and 24:0). Error bars correspond to the standard
deviation of the mean determined for two independent experiments.

uptake by microalgae or cyanobacteria and, hence, in photosynthetic activity (Uusitalo,
1996). Culturing temperature also contributed to considerable changes in the specific growth
rates of the studied microorganisms. Specific growth rates determined at 25 °C were
statistically higher (p<0.01) than those determined at 15 and 35 °C. However, no statistical
differences (p=0.09) were observed between specific growth rates determined at 15 and
35 °C. These results indicate that the growth of the studied microorganisms in response to
different temperatures may follow a normal distribution function, being the optimal culturing
temperature approximately 25 °C. Evidence that the optimal temperature for autotrophic
microalgal growth is near 25 °C was also given by the increase observed in pH (Figure 111.2,
Annex I11) and dissolved oxygen concentration (Figure 111.3, Annex Il1) at this temperature:
for cultures performed at 15, 25 and 35 °C average pH of the culture medium was 8.32+0.43,
8.91+0.91 and 8.09+0.82, respectively, whereas average dissolved oxygen concentration

was 3.8+1.1, 6.5+0.4 and 4.8+1.0 mg Oz L%, respectively. A similar behaviour was observed
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by James et al. (1989) when evaluating the effect of temperature on the growth and fatty acid
and amino acid composition of two microalgae belonging to the genera Chlorella and
Nannochloropsis. For temperatures ranging from 15 to 35 °C, an increase in specific growth
rates was observed until 25 °C, while for higher temperatures specific growth rates started
decreasing. Similarly, when evaluating the optimum temperature and salinity conditions for
the growth of Chlorella ellipsoidea and N. oculata, Cho et al. (2007) have demonstrated that
keeping a constant salinity of 10, an increase in temperatures from 15 to 25 °C results in
increased specific growth rates and, when temperature is increased to 30 °C, specific growth
rates tend to decrease. Average specific growth rates determined for C. pyrenoidosa grown
under a temperature range of 10 to 35 °C also increased until the temperature of 25 °C,

starting decreasing when culturing temperature was set at 30 and 35 °C (Yang et al., 2010).

The influence of light supply and temperature on maximum biomass concentrations and
average biomass productivities was similar to the one observed for specific growth rates
(Table 4.5). In this study, maximum biomass concentration values ranged from 3.94+0.49
(determined for P. subcapitata grown at 35 °C with an average daily light irradiance of
15 uE m? s?) to (1.35+0.13)x10° mg DW L (determined for C. vulgaris grown at 25 °C
with an average daily light irradiance of 180 uE m? s™). Minimum and maximum average
biomass productivities were determined for the same microorganisms in the same
conditions: 0.370+0.046 (for P. subcapitata grown at 35 °C with an average daily light
irradiance of 15 pE m? s) and 133+13 mg DW Lt d* (for C. vulgaris grown at 25 °C with
an average daily light irradiance of 180 pE ms™), respectively. As for specific growth rates,
an increase in average daily light irradiance from 15 to 180 uE m s resulted in statistically
higher (p<0.05) maximum biomass concentrations and average biomass productivities.
Ugwu et al. (2007) have demonstrated that an increase in light irradiance resulted in an
increase in biomass productivities, when growing C. sorokiniana with average daily light
irradiances ranging from 100 to 250 uE m? s. Regarding the effect of temperature,
statistically higher (p<0.05) maximum biomass concentrations and average biomass
productivities were determined for cultures grown at 25 °C. In the case of cultures grown at
15 and 35 °C, no statistical difference (p>0.05) was observed in both maximum biomass
concentrations and average biomass productivities. Han et al. (2013) have found that
cultivation of C. pyrenoidosa at 22, 30 and 36 °C resulted in biomass productivities of
120+2, 141+1 and 125+2 mg L™ d%, respectively.
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Comparing kinetic growth parameters determined for the studied microorganisms, it was
possible to observe that C. vulgaris achieved the highest specific growth rate, maximum
biomass concentration and average biomass productivity when cultured at 25 °C under an
average daily light irradiance of 180 uE m s, In the same culturing conditions, specific
growth rates determined for P. subcapitata and S. salina were not statistically different
(p>0.05) from the one determined for C. vulgaris. In the case of M. aeruginosa, specific
growth rate determined in these conditions was statistically lower (p<0.05). Regarding
maximum biomass concentrations and average biomass productivities, values determined
for S. salina and M. aeruginosa were not statistically different (p>0.05) from those
determined for C. vulgaris. However, statistically lower (p<0.05) values were determined

for P. subcapitata.

4.2.2. CO2 uptake rates

The effect of light supply and temperature on carbon contents of microalgal biomass and
COz uptake rates is shown in Table 4.6. From Table 4.6 it is possible to observe that carbon
contents in microalgal biomass were not strongly influenced by the studied operational
conditions, being the average carbon mass fraction approximately 44.99+2.18% (w/w). This
value was not statistically different (p=0.08) from the one reported for the studied
microorganisms grown under different average daily light irradiances (Section 4.1.2).
However, data from Table 4.6 evidences a slight decrease in carbon mass fractions when
cultivation conditions approximate optimal growth conditions. For example, average carbon
mass fractions determined at 25 °C were lower than carbon mass fractions determined at 15
and 35 °C. The increase in carbon contents when microalgae are cultured in suboptimal
conditions means that the amount of carbon required to produce a cell at the same growth
rate under these conditions is higher than the one required when microalgae are submitted
to optimal growth conditions (Hu, 2004a). Regarding CO; uptake rates, values determined
for microalgae grown with different average daily light irradiances and temperatures have
shown a similar behaviour to the one described for average biomass productivities: (i) an
increase in average daily light irradiance resulted in increased CO> uptake rates; and (ii)
cultivation at 15, 25 and 35 °C resulted in statistically higher (p<0.01) CO: uptake rates in
cultures performed at 25 °C. As it was described for average biomass productivities,
minimum CO; uptake rate (0.664+0.083 mg CO, L d) was determined for P. subcapitata
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grown at 35 °C with an average daily light irradiance of 15 pE m? s. On the other hand,
maximum CO; uptake rate (195+19 mg CO, L d') was determined for C. vulgaris grown
at 25 °C with an average daily light irradiance of 180 pE m s™. The increase of CO2 uptake
rates with increased light supplies has already been discussed in Section 4.1.2. Regarding
the effect of different temperatures on CO; uptake rates, the obtained results suggest that
optimal growth conditions result in increased CO> uptake from the atmosphere, which is in

agreement with an increase in the photosynthetic activity of the studied microorganisms.

4.2.3. Nutrients removal

In this study nitrogen and phosphorus concentrations were determined in the first and last
day of culturing to evaluate the removal efficiencies of these nutrients under the studied
conditions. Average removal rates and removal efficiencies obtained for nitrogen and

phosphorus are presented in Tables 4.7 and 4.8, respectively.

Regarding nitrogen removal (Table 4.7), maximum average removal rate,
2.89+0.07 mg N L d?, was determined for M. aeruginosa grown at 25 °C, with an average
daily light irradiance of 36 uE m? s. On the other hand, maximum nitrogen removal
efficiency achieved was 100% (for C. vulgaris, P. subcapitata and M. aeruginosa grown at
25 °C with an average daily light irradiance of 180 uE m s). The influence of light supply
and temperature in these variables was very similar. In the case of average daily light
irradiance, higher values resulted in statistically higher (p<0.05) removal rates and removal
efficiencies. In the study performed by Hu et al. (2000), NOs-N uptake rates determined for
Synechococcus sp. grown in nitrate-contaminated groundwater increased proportionally to
increasing average daily light irradiance up to 100 pE m2 s. Regarding the effects of
temperature, microalgal growth at 25 °C resulted in nitrogen removal rates and removal
efficiencies statistically higher (p<0.05) than those determined at 15 and 35 °C. Nitrogen
removal rates and removal efficiencies determined for the extreme temperatures were not
statistically different (p=0.15). Talbot and De la Noiie (1993) have demonstrated that
cultivation of P. bohneri in a secondary effluent from an activated sludge treatment plant at
30 °C for three days resulted in an effective removal of NH4-N, whereas the same culture

performed at 10 °C resulted in modest NH4-N removal.
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In the case of phosphorus removal, maximum average removal rate,
0.588+0.029 mg P L d%, was determined for C. vulgaris grown at 25 °C with an average
daily light irradiance of 180 pE m?2 s. Phosphorus removal efficiencies ranged from
1.13+0.03 (for M. aeruginosa grown at 15 °C, under the lowest average daily light
irradiance) to 67.6+£7.1% (for C. vulgaris grown at 25 °C with an average daily light
irradiance of 180 pE m? s). These values were lower than those determined for nitrate,
indicating that phosphorus assimilation is slower than NOs-N assimilation. Different studies
have already reported higher removal efficiencies for nitrogen than for phosphorus (Lee and
Lee, 2001; Talbot and De la Noue, 1993). The influence of light supply and temperature on
phosphorus removal rates and removal efficiencies was similar to the one observed for
nitrogen removal. In general, an increase in light supply resulted in increased phosphorus
removal rates and removal efficiencies. Statistically higher (p<0.05) removal rates and
removal efficiencies were determined when light irradiance increased from 15 to 180 uE m-
2 s, In the study performed by Li et al. (2012), an increase in average daily light irradiance
from 0 to 200 uE m2 s increased TP removal efficiencies from 65.8 to 87.0% (for
C. kessleri) and from 79.3 to 83.0% (for C. protothecoides). The effects of temperature on
phosphorus removal demonstrated that, in general, higher removal rates and removal
efficiencies were obtained for cultures grown at 25 °C. However, these values were not

statistically different (p>0.05) from those determined for the other studied temperatures.

These results have shown that the influence of light supply and temperature on nitrogen and
phosphorus removal is similar to the one observed for specific growth rates, maximum
biomass concentrations and average biomass productivities, paralleling photosynthetic
activity. Regarding the performance of the studied microorganisms in nitrogen and
phosphorus removal, average removal rates and removal efficiencies were not statistically
different (p>0.05). Additionally, it was observed that the majority of cultures grown at 25 °C,
under the highest light supplies have effectively removed nitrogen. These results constitute
important findings for the application of microalgal cultures in the tertiary treatment step of

wastewater treatment plants.

4.2.4. Cell composition

The mass balance written for nitrogen and phosphorus allowed the determination of the mass
fractions of these nutrients in microalgal biomass for each of the studied conditions (Table
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4.9). Mass fractions of nitrogen and phosphorus were close to those reported in the typical
composition of microalgal biomass described in Section 4.1.4. To have a better
understanding about the effects of light and temperature on nitrogen and phosphorus
contents on microalgal biomass, contour graphs relating these variables were obtained for
the selected microorganisms (Figure 4.3). Additionally, these parameters were analysed
through multiple linear regression (described in Section 3.11) to evaluate which parameters
significantly influenced nitrogen and phosphorus mass fractions (Table I11.1, Annex Il11).
From these data, it is possible to conclude that the effect of light and temperature on the
biochemical composition of microalgal biomass presented some differences between the
studied microorganisms. These observations are in agreement with the study performed by
Goldman (1977), who concluded that the relationship between nitrogen contents and
temperature may be species-specific. Regarding nitrogen mass fractions, temperature
appears as the most important factor influencing this parameter: (i) in the case of C. vulgaris
and S. salina, an increase in temperature resulted in lower nitrogen mass fractions; (ii) in
P. subcapitata, both light and temperature have not significantly influenced (p>0.05)
nitrogen mass fractions; and (iii) in M. aeruginosa, an increase in light and temperature
resulted in lower nitrogen mass fractions and, on the other hand, the simultaneous increase
in both light and temperature resulted in higher nitrogen mass fractions. As for nitrogen mass
fractions, phosphorus mass fractions were also mainly influenced by temperature: (i) in
C. vulgaris, an increase in temperature resulted in a decrease of phosphorus mass fractions,
with the minimum value reached at approximately 25 °C, and the simultaneous increase in
both light and temperature results in lower phosphorus mass fractions; (ii) in P. subcapitata,
phosphorus mass fractions had a similar behaviour to the one described for nitrogen mass
fractions in M. aeruginosa; and (iii) in S. salina and M. aeruginosa, an increase in
temperature resulted in a decrease of phosphorus mass fractions, with the minimum value
reached at approximately 25 °C. These results indicate that environmental factors, such as
light and temperature, not only affect the photosynthetic activity and biomass productivities,
but also cell metabolism and, consequently, biochemical composition, as previously reported
by Hu (2004a). The preponderance of temperature influence on nitrogen and phosphorus
mass fractions behaviour suggests that these parameters were not strongly influenced by
average daily light irradiance. Similar results have already been reported by Mortensen et al.
(1988). In this study, nitrogen and phosphorus mass fractions determined for batch cultures

of Chaetoceros gracilis grown with different light intensities at 28 °C were not statistically
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different. The decrease of nitrogen and phosphorus mass fractions with increasing
temperatures, which was common for the majority of the selected microorganisms has
already been reported in the literature. In the study performed by Fu et al. (2007), an increase
in temperature from 20 to 24 °C resulted in a decrease in nitrogen and phosphorus mass
fractions in Synechococcus sp. The U-shape response observed for some microorganisms
has also been described in the literature. According to Hu (2004a), at temperatures below
and above the optimal growth temperature, microalgae and cyanobacteria require higher
amounts of nutrients, such as nitrogen and phosphorus, to achieve the same growth rates as
those reported for optimal temperatures. Accordingly, as it was already described for carbon
mass fractions (Section 4.2.2), nitrogen and phosphorus mass fractions tend to be lower at

the optimal growth temperature determined for this study: approximately 25 °C.

4.2.5. Optimal light and temperature conditions determined through mathematical

modelling

Optimal growth conditions (average daily light irradiance and temperature) for the studied
microorganisms were determined. For this, the model described by Equation 3.5 was applied
and surface graphs (Figure 4.4) relating specific growth rates with average daily light
irradiance and temperature were obtained. Analysis of Figure 4.4 shows that an increase in
average daily light irradiance results in increased specific growth rates, with optimal average
daily light irradiances varying according to the studied species. Regarding the effect of
temperature on specific growth rates, Figure 4.4 evidences a similar behaviour between the
studied microorganisms. When temperature increases from 15 to 35 °C, specific growth rates
tend to increase until approximately 25 °C, where specific growth rates start decreasing,

reaching values close to those observed at 15 °C.

Optimal average daily light irradiance and temperature determined through mathematical
modelling for each microorganism are shown in Table 4.10. For determination of these
parameters, it was assumed that maximum specific growth rates achieved by each
microorganism could not be lower than the maximum specific growth rate determined for
each microorganism: 1.30, 1.13, 1.14 and 1.02 d*! for C. vulgaris, P. subcapitata, S. salina
and M. aeruginosa, respectively. Definition of this condition was based on the fact that each
microorganism usually presents a maximum specific growth rate, which is obtained under

optimal growth conditions (Bouterfas et al., 2002). From Table 4.10, it is possible to observe
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that optimal temperatures determined for the studied microorganisms were very similar. T,
values determined through mathematical modelling for C. vulgaris, P. subcapitata, S. salina
and M. aeruginosa were 25.4, 23.7, 26.4 and 25.6 °C, respectively. These values were
slightly lower than optimal temperature determined for C. vulgaris growth in the study
performed by Dauta et al. (1990). In this study, for a maximum specific growth rate of 1.30 d"
! optimal temperature determined for C. vulgaris was 30 °C. However, other studies have
reported optimal growth temperatures close to 25 °C. In the study performed by Claquin et
al. (2008), average optimal temperature determined for eight species of marine microalgae
(Thalassiosira pseudonana, Skeletonema marinoi, Pseudo-nitzschia fraudulenta, Emiliania
huxleyi, Isochrysis galbana, Isochrysis aff. galbana, Pavlova lutheri and Lepidodinium

chlorophorum) was 23.7£3.1 °C, corresponding to a maximum specific growth rate of
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Figure 4.4. Influence of average daily light irradiance and temperature on specific growth rates (u, in d*) of
C. vulgaris (A), P. subcapitata (B), S. salina (C) and M. aeruginosa (D). The dots correspond to the
experimental data. The surface graphs were obtained through mathematical modelling.
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Table 4.10. Optimal growth conditions (average daily light irradiance and temperature) determined for
C. vulgaris, P. subcapitata, S. salina and M. aeruginosa through mathematical modelling

Model parameters C. vulgaris P. subcapitata S. salina M. aeruginosa
Hmax (d) 1.30 1.21 1.14 1.02

Iopt (ME m2s™) 208 258 178 140

Topt (°C) 254 23.7 26.4 25.6

o (°C) 7.0 7.0 7.2 8.2

RMSE (d?) 0.29 0.20 0.32 0.26

n 29 27 18 18

Model validation

RMSE (d?) 0.39 0.28 0.26 0.18

n 9 9 6 6

Values were obtained through mathematical modelling. p,,. - maximum specific growth rate (in d);
Iope - Optimal average daily light irradiance value for microalgal growth (in uE m? s?); T, - optimal
temperature for microalgal growth (in °C); o - standard deviation associated to the optimal temperature (in
°C); RMSE - root mean squared error (in d*); n - data size.

1.27+0.27 d1. Yang et al. (2010) have demonstrated that C. vulgaris can grow normally in
the temperature range of 5 to 30 °C, being optimal growth temperature 25 °C. Through
mathematical modelling, Aleya et al. (2011) have determined an optimal growth temperature
for Chlorella minutissima of 28 °C, corresponding to a maximum specific growth rate of
0.7 d1. Regarding optimal average daily light irradiances determined using this model, Table
4.10 shows that I,,,, values differ according to microalgal species, being 208, 258, 178 and
140 pE m2 st for C. vulgaris, P. subcapitata, S. salina and M. aeruginosa, respectively.
Similar orders of magnitude have already been reported in the literature for several
microalgae. Optimal average daily light irradiance values determined by Dauta et al. (1990)
for C. vulgaris, Fragilaria crotonensis, Staurastrum pingue and Synechocystis minima
ranged from 78 to 169 uE m2 s1. On the other hand, optimal average daily light irradiances
determined for S. minutum, C. microporum and C. subprotumidum ranged from 250 to
263 nE m2 s (Bouterfas et al., 2002). However, optimal average daily light irradiance
determined for C. vulgaris and P. subcapitata surpassed the range of values assessed in this
study, meaning that optimal growth of these microalgae is expected to occur for an average
daily light irradiance of 208 and 258 pE m s, respectively. Although these results were
not validated experimentally, it is possible to propose that the established models can be
correctly applied to describe the response of specific growth rates of the studied
microorganisms to light and temperature. In fact, optimal light and temperature conditions

determined are in accordance with the ones already reported in the literature. Additionally,
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the low RMSE values determined (ranging from 0.20 to 0.32 d?) indicate that these models
correctly fit to the experimental data. Nevertheless, the current models were validated by
evaluating the RMSE values obtained between specific growth rates determined by these
models and a validation data set composed by specific growth rates determined in different
light and temperature conditions (Table 111.2, Annex I1I). With the current models, RMSE
values determined for C. vulgaris, P. subcapitata, S. salina and M. aeruginosa were 0.29,
0.20, 0.32 and 0.26 d!, respectively. On the other hand, RMSE values determined through
application of this model to data obtained from other studies (validation data set) was 0.39,
0.28, 0.26 and 0.18 d™%, respectively. These results indicate that the developed model can be
correctly applied to the studied microorganisms grown under light and temperature
conditions within the range of those reported in this study. Additionally, in this study specific
mathematical models were determined for different microalgal species. Determination of an
adequate model that describes microalgal growth in relation to light supply and temperature

may result in several savings, especially in the optimization of cultivation conditions.

4.3. Microalgal monocultures: the effect of CO2 concentration in the air stream

4.3.1. Microalgal growth

The study of different CO2 concentrations in the air stream has shown that this parameter
strongly influences microalgal growth. Figure 1V.1 (Annex IV) presents the growth curves
obtained for C. vulgaris, P. subcapitata, S. salina and M. aeruginosa grown in air streams
containing different CO2 concentrations. Although increasing CO2 concentrations have
influenced the kinetic growth parameters of the selected microorganisms, similar growth
curves were obtained. Figure IV.1 (Annex 1V) shows that, with the exception of C. vulgaris,
all studied cultures have followed: (i) an adaptation phase of approximately one day; (ii) an
exponential growth phase until approximately the fourth day of culturing; and (iii) a
retardation growth phase. In C. vulgaris cultures, the lack of an adaptation phase was
observed and microalgal cells started growing exponentially from the beginning of the
experiments. This exponential growth lasted until the fourth day of culturing, where cells
entered the retardation growth phase. The lack of an adaptation phase for C. vulgaris
cultures, especially in those aerated with higher CO> concentrations is not surprising, since

microorganisms from the genus Chlorella are well known for their tolerance to high CO-
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levels (Keffer and Kleinheinz, 2002). Additionally, Figure IV.1 (Annex 1V) shows that the
growth of the selected microorganisms at atmospheric CO2 concentrations was slower than
in the other studied conditions, indicating that in cultures aerated with atmospheric air,
carbon limitation might occur. The kinetic growth parameters determined for the selected
microorganisms are shown in Table 4.11. Regarding specific growth rates, these values
ranged from 0.660+0.016 (for P. subcapitata grown with 10% v/v CO2) to 1.50 d* (for
M. aeruginosa grown with 5 and 7% v/v COz). For the range of CO> concentrations used in
this study, a similar behaviour was observed for the selected microorganisms: specific
growth rate values have increased until the CO2 concentration of 5% (v/v), followed by a
decrease observed for higher CO2 concentrations. Similar results were obtained by de Morais
and Costa (2007a) for Spirulina sp. and S. obliquus subjected to CO2 concentrations of 0, 6
and 12% (v/v): in these conditions, specific growth rates determined for Spirulina sp. were
0.33, 0.44 and 0.33 d?, whereas specific growth rates determined for S. obliquus were 0.15,
0.22 and 0.22 d. The same behaviour was demonstrated by the same authors for the
microalga C. kessleri. When grown with CO. concentrations of 0.04, 6, 12 and 18% (v/v),
specific growth rates determined for this microalga were 0.26, 0.27, 0.27 and 0.20 d*,
respectively (de Morais and Costa, 2007b). Later, Chiu et al. (2008) have determined specific
growth rates of 0.230, 0.492 and 0.127 d* for Chlorella sp. cultures fed with a gas stream
containing 0.04, 2 and 5% (v/v) CO2. The decrease observed in specific growth rates
determined for cultures fed with CO2 concentrations higher than 5% (v/v) may be related to
some changes in the photosynthetic characteristics of the selected microorganisms. In fact,
it has already been reported that, when grown under high CO> concentrations (5% v/v or
more), some microalgae display lower affinity to COz, higher photosynthetic sensitivity to
O2 and lower activity of carbonic anhydrase, the enzyme responsible for photosynthetic
utilization of inorganic carbon (Xia and Gao, 2005; Yang and Gao, 2003). Comparing
specific growth rates determined for the selected microorganisms, Table 4.11 shows that
increasing CO. concentrations until 5% (v/v) has strongly influenced the growth of the
selected microorganisms, resulting in an increase in specific growth rates. Maximum
biomass concentrations achieved in the last day of culturing ranged from 383+94 (for
M. aeruginosa grown with non-enriched air) to (1.15+0.04)x10% mg DW L (for S. salina
grown with 7% v/v CO>). Values in the same order of magnitude were obtained for Chlorella
sp. grown with CO> concentrations ranging from 0.04 to 15% (v/v) (Fulke et al., 2010) and
for S. obliquus and C. pyrenoidosa fed with a gas stream containing 0.04 to 50% (v/v) CO>
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(Tang et al., 2011). The behaviour of this parameter has shown to be similar to the one
determined for specific growth rates. For all studied microorganisms, the lowest biomass
concentrations were achieved in cultures fed with CO at atmospheric concentrations. For
higher CO; levels, an increase in maximum biomass concentrations achieved was observed,
followed by a decrease determined for cultures grown with 10% (v/v) CO2 in the air stream.
Average biomass productivities determined in these conditions have shown a similar
behaviour, with the minimum value (57.5+14.1 mg DW L* d?') determined for
M. aeruginosa grown with non-enriched air and the maximum one (1739 mg DW L d?)
determined for S. salina grown with 7% (v/v) CO». Higher specific growth rates, maximum
biomass concentrations and average biomass productivities determined in cultures fed with
COq-enriched aeration have already been reported and may be related to an increased
availability of CO. to microalgal cells, one of the main precursors of photosynthetic

reactions (Picardo et al., 2013).

4.3.2. CO2 uptake rates

Elemental analysis of microalgal biomass has shown that different CO2 concentrations have
not strongly influenced the carbon content of the studied microorganisms (Table 4.12), being
average carbon contents 42.82+2.22% (w/w). These results are in accordance with the results
obtained by Tang et al. (2011). Assuming that all the CO> assimilated by microalgae was
incorporated in the biomass, carbon contents, as well as average biomass productivities, were
used to determine CO> uptake rates. These values (Table 4.12) have shown a minimum of
90.1+22.0 mg CO L d* (determined for M. aeruginosa grown with non-enriched air) and
a maximum of 264+14 mg CO, L d! (determined for S. salina grown with 7% v/v COy).
Except from a few exceptions, these values were in the same order of magnitude as those
reported by Tang et al. (2011) for the microalgae S. obliquus and C. pyrenoidosa, which
ranged between 105+6 and 288+4 mg CO. L d?. The influence of increasing CO-
concentrations on CO; uptake rate was similar to the one observed for the kinetic growth
parameters: for all studied microorganisms, the lowest CO> uptake rates were achieved in
cultures fed with CO; at atmospheric concentrations. For higher CO> levels, an increase in
CO. uptake rates was observed, followed by a decrease determined for cultures grown with
10% (v/v) CO2 in the air stream. These results have shown that the selected microorganisms
can be effective in CO capture, especially when cultured with enriched air streams. Taking

into account the time-course evolution of pH in the studied cultures (Figure 1V.2, Annex
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IV), it is possible to infer on the mechanisms involved in CO: uptake in the studied
conditions. According to Picardo et al. (2013), when the pH is in the range of 6.0 to 9.0,
bicarbonate (HCO3") is the most common form of inorganic carbon present in solution,
which enables the external carbonic anhydrase and promotes active transport of this carbon
source into microalgal cells. On the other hand, for lower pH values (ranging between 5.0
and 7.0), CO2 uptake occurs through diffusion, being the active transport suppressed.
Therefore, in cultures aerated with only atmospheric air, the mechanism involved in CO;
uptake may be active transport, due to the high pH values observed in these cultures (between
6.96+£0.01 and 10.8+0.1). In cultures aerated with CO»-enriched air, the presence of CO>
resulted in a decrease in pH values, meaning that CO> uptake in these conditions may be

performed through diffusion.

4.3.3. Nutrients removal

To evaluate the potential of the studied cultures in nitrogen and phosphorus uptake,
concentrations of these nutrients within the cultivation time were determined and nutrients
uptake kinetics were obtained. To infer about the suitability of these cultures for application
in the tertiary treatment step of wastewater treatment, nutrients removal efficiencies and
nutrients concentrations achieved in the last day of culturing were compared with target
values defined by EU legislation. Figure 4.5 shows the time-course evolution of nitrogen
and phosphorus concentrations for the studied cultures and Table 4.13 summarizes nutrients
uptake kinetics obtained for the selected microorganisms grown with different CO;

concentrations in the air stream.

Analysis of Figure 4.5 shows that the selected microorganisms have effectively removed
nitrogen from the culture medium for all studied conditions. At the end of the experiments,
nitrogen concentrations ranged between 0 and 8.58+1.28 mg N L™, values below the limits
defined by EU legislation. Additionally, as it is possible to see from Table 4.13, nitrogen
removal efficiencies ranged between 73.9+3.7 and 100%, indicating that the minimum
percentage of reduction was also achieved. Analysing the influence of CO. concentrations
on nitrogen removal, Figure 4.5 shows that in cultures fed with only atmospheric air,
nitrogen concentrations achieved at the end of cultivation times were higher than those
achieved in cultures fed with enriched air streams. In fact, Table 4.13 shows that, in general,

nitrogen removal efficiencies obtained for cultures fed with non-enriched air streams were
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lower than those of cultures grown with COz-enriched air. Lizzul et al. (2014) have
demonstrated that cultivation of C. sorokiniana in Bold's Basal medium with atmospheric
air and with an air stream containing 12% (v/v) CO2 has resulted in TN removal efficiencies
of 23 and 70%, respectively. Regarding phosphorus removal, lower removal efficiencies
were also obtained in cultures aerated with non-enriched air. In these conditions, phosphorus
removal efficiencies ranged between 49.0+4.3 and 83.5£0.3% and only S. salina was able
to reach the first limit imposed by EU legislation (2 mg P L) and the minimum percentage
of reduction. For cultures grown with CO»-enriched air streams, the limits established by EU
legislation were achieved and phosphorus removal efficiencies have significantly increased,
ranging from 93.9+7.6 to 99.5+0.1% (Table 4.13). An almost complete removal of TP was
also observed by Ge et al. (2011) when growing the microalga B. braunii with CO;
concentrations of 2, 5, 10 and 20% (v/v). These results are in agreement with the maximum
biomass concentrations and average biomass productivities determined, which were lower

for cultures performed with the lowest CO concentration.

Looking at the curves defined by the modified Gompertz model (Figure 4.5), which
accurately fit experimental data, it is possible to conclude that this mathematical model
correctly describes nitrogen and phosphorus removal in the studied conditions. Also,
coefficients of determination obtained for the predicted values were very close to one
(R2>0.952) and RMSE values were low (RMSE<2.6 mg S L), confirming the suitability of

this model to the experimental data.

Regarding nitrogen uptake kinetics, lag time values obtained for cultures fed with non-
enriched air were higher than those of cultures grown with CO2-enriched air. In the case of
nitrogen uptake rates, values determined for C. vulgaris and P. subcapitata were not strongly
dependent on the CO> concentration used. For these microorganisms, maximum uptake rates
determined were 1.83+0.11 d* (for C. vulgaris grown with an air stream containing
3% v/v CO,) and 2.11+0.13 d* (for P. subcapitata grown with a non-enriched air stream).
On the other hand, different CO> concentrations in the air stream have strongly influenced
nitrogen uptake rates determined for S. salina and M. aeruginosa. Nitrogen uptake rates
determined for S. salina ranged between 1.16+0.23 and 10.4+0.9 d!, whereas the same
values determined for M. aeruginosa ranged between 1.43+0.05 and 3.26+0.03 d™*. For both
microorganisms, maximum uptake rates were determined when CO2 concentration in the air

stream was set at 5% (v/v). These results are in agreement with specific growth rates
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determined, which reached their maximum for CO> concentrations of 5% (v/v). The
relationship between nitrogen uptake rates and specific growth rates is not surprising, as
nitrogen is one of the most important macronutrients for microalgal growth. Since NOs-N
was the only nitrogen source supplied to the studied cultures, nitrogen removal observed is

a result of nitrate assimilation and reduction into NH4-N.

As for nitrogen removal, in phosphorus uptake higher lag times were determined for cultures
grown with only atmospheric air. Additionally, it was observed that phosphorus uptake rates
determined for C. vulgaris, P. subcapitata and S. salina were not strongly influenced by CO-
concentrations. On the other hand, phosphorus uptake rates determined for M. aeruginosa
have followed a similar behaviour to the one observed for specific growth rates. For CO>
concentrations up to 5% (v/v), phosphorus uptake rates have increased, followed by a
decrease for CO2 concentrations of 7 and 10% (v/v). These results are not surprising because
phosphorus is also one of the most important macronutrients for microalgae, which means
that higher phosphorus uptake rates are expected for cultures presenting higher specific
growth rates. As it was reported for carbon uptake (Section 4.3.2), phosphorus removal
mechanisms also depend on the pH of the culture medium. In this study, pH values of
cultures aerated with only atmospheric air (Figure IV.2, Annex 1V) have exceeded 8.0,
indicating that both phosphate assimilation and precipitation have occurred in these
conditions (see Section 2.4.2). On the other hand, in cultures supplied with higher CO;
concentrations, pH values ranged between 5.40+0.01 and 7.67+0.12, indicating that

phosphorus removal in these conditions occurred through bioassimilation.

4.3.4. Cell composition

Table 4.14 presents nitrogen and phosphorus mass fractions determined in microalgal
biomass and Figure 4.6 shows the variation of C:N, C:P and N:P molar ratios with the CO-
concentrations used in the air streams. Since these values were calculated assuming that all
nitrogen and phosphorus removed from the culture medium were incorporated into the
biomass and once phosphorus removal in cultures performed with non-enriched air streams

was due to precipitation, C:P and N:P values in these conditions were not determined.

Average C:N, C:P and N:P molar ratios determined in this study were 12+3, 115+30 and
942, being these values in agreement with the typical molecular formula described for
microalgae (C:N, C:P and N:P molar ratios reported by this formula are 9, 100 and 11,
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respectively) (Chisti, 2007). Analysis of Figure 4.6 shows that the influence of CO>
concentrations on biomass composition is different for each of the studied species, meaning
that this behaviour may be species-specific. In fact, several authors have already reported
that the influence of different CO> concentrations on cell composition of microalgal biomass
depends on the species used (Burkhardt et al., 1999; Giordano and Ratti, 2013). However,
for all studied microorganisms, similar trends can be observed between N:P and C:P ratios
with increasing CO, concentrations. A similar behaviour was described by Burkhardt et al.
(1999) when culturing the diatoms Phaeodactylum tricornutum, Skeletonema costatum,
Asterionella glacialis, Thalassiosira weissflogii, Thalassiosira punctigera and
Coscinodiscus wailesii and the dinoflagellate Scrippsiella trochoidea under different CO>
concentrations. Comparing the behaviour of C:N and C:P ratios with increasing CO:
concentrations, Figure 4.6-A shows that, in general, an increase in CO2 concentration results
in increased C:N and C:P molar ratios in the microalga C. vulgaris. This behaviour was close
to the one demonstrated for A. glacialis in the study performed by Burkhardt et al. (1999).
Taking into account that the carbon content in C. vulgaris was not strongly influenced by
the CO2 concentration used (Table 4.12), the increase observed in C:N ratios can be
associated to nitrogen limitation. In P. subcapitata (Figure 4.6-B), however, it is possible to
see that increased CO2 concentrations have not strongly influenced C:N and C:P molar

ratios, being these values approximately constant. These results may be related to the lower

Table 4.14. Mass fractions of nitrogen (ay, in % w/w) and phosphorus (ap, in % w/w) incorporated in the
biomass of C. vulgaris, P. subcapitata, S. salina and M. aeruginosa obtained through the mass balance
performed for each nutrient

Mass fractions %CO:2 (V/Vv) C. vulgaris P. subcapitata  S. salina M. aeruginosa
ay (% wiw) Air 6.23+0.16 5.10+0.09 4.90£0.06 6.34+0.04
3.89+0.35 4.19+0.06 3.24+0.01 3.75+0.04
4.22+0.01 4.66+0.06 2.90+0.02 3.35+0.10
3.62+0.05 5.59+0.06 3.07£0.05 3.64+0.05
3.22+0.14 3.89+0.06 3.58+0.08 4.4940.05
10 4,0110.01 6.88+0.01 4.55+0.07 4.0210.01
ap (% wiw) Air n.a. n.a. n.a. n.a.
1.14+0.02 1.23+0.02 0.958+0.041 1.23+0.02
1.10+0.01 1.36+0.04 0.925+0.017 0.992+0.006
0.700+0.057 1.09+0.06 0.630+0.049 0.763+0.026
9 0.675+0.018 0.908+0.065 0.764+0.010 1.02+0.03
10 0.885+0.011 1.70+0.07 1.19+0.01 1.09+0.01

Values are presented as the mean + standard deviation of two independent experiments. n.a. - not applicable.
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dependence on CO> concentrations demonstrated for P. subcapitata specific growth rates.
In the study performed by Burkhardt et al. (1999), specific growth rates determined for
P. tricornutum were not affected by changes in CO2, which has resulted in a similar
behaviour between C:N and C:P molar ratios. Elemental molar ratios determined for
S. salina and M. aeruginosa (Figure 4.6-C and 4.6-D, respectively) have shown similar
trends: (i) C:N and C:P have increased for CO2 concentrations up to 5% (v/v); and (ii) for
higher CO> concentrations C:N and C:P started decreasing. The same response to increasing
CO2 concentrations was reported for elemental ratios of T. punctigera (Burkhardt et al.,
1999). In these conditions, the lowest C:N and C:P molar ratios were determined for the
lowest CO> concentration. The increase followed by a decrease observed in C:N molar ratios
can be associated to nitrogen limitation in cultures where higher C:N molar ratios were
determined and is related to the kinetic growth parameters determined in this study. Looking
at Figure 4.6-C and 4.6-D, higher C:N ratios and higher nitrogen limitations have occurred
in cultures grown with 5% (v/v) CO> (those providing the highest specific growth rates).
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Figure 4.6. C:N, C:P and N:P molar ratios determined after the cultivation time for C. vulgaris (A),
P. subcapitata (B), S. salina (C) and M. aeruginosa (D) grown with different CO, concentrations in the air
stream. Error bars correspond to the standard deviation of the mean determined for two independent
experiments. C:P and N:P ratios were not determined for cultures performed with non-enriched air streams
since in these cultures phosphorus removal was due to precipitation.
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Lower C:N molar ratios determined for cultures grown with non-enriched air streams (in the
case of C. vulgaris, S. salina and M. aeruginosa) also suggest that these conditions might be

limiting to microalgal growth, due to carbon limitation.

4.3.5. Optimal CO2 concentration determined through mathematical modelling

Specific growth rates determined for each microorganism under different CO>
concentrations were used to establish mathematical models (Figure 4.7) able to describe the
influence of different CO2 concentrations on this kinetic growth parameter. The closeness of
the model fits represented in Figure 4.7, as well as the R? and RMSE values determined for
each model fit (Table 4.15), indicate that this mathematical approach correctly describes the
behaviour of specific growth rates of the selected microorganisms grown with CO;
concentrations ranging from approximately 0.04 to 10% (v/v). From the developed models,
it was also possible to determine optimal CO> concentrations and maximum specific growth
rates that can be achieved by the selected microorganisms (Table 4.15). Regarding maximum
specific growth rates, these values ranged between 0.892 and 1.50 d*. The lowest maximum
specific growth rate was determined for P. subcapitata. These results are in agreement with
those reported in Section 4.3.1, where lower specific growth rates were achieved by
P. subcapitata. Optimal CO> concentrations determined through mathematical modelling
were 5.35, 4.87, 5.55 and 5.62% (v/v) for C. vulgaris, P. subcapitata, S. salina and
M. aeruginosa, respectively. Optimal CO> concentrations of approximately 5% (v/v) have
already been reported for several microalgae. When growing C. vulgaris with CO;
concentrations of 0.04, 5 and 15% (v/v), Yun et al. (1997) have observed maximum growth
for cultures fed with 5% (v/v) COz. Similarly, Ono and Cuello (2003) have reported that
although the microalga Euglena gracilis could grow in CO2 concentrations ranging between
5 and 45% (v/v), best growth was achieved at 5% (v/v). In the study performed by de Morais
and Costa (2007a) with CO. concentrations of 0, 6 and 12% (v/v), both Spirulina sp. and
S. obliquus have shown best growth at 6% (v/v).

These results suggest that the selected microorganisms can grow well under CO;
concentrations ranging from those commonly present in the atmosphere up to 10% (v/v).
However, the best results were achieved for CO2 concentrations of 5% (v/v). Accordingly,
these findings can be useful for the selection of microalgal species able to grow in this range

of CO» concentrations.
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Figure 4.7. Influence of different CO, concentrations on specific growth rates (p, in d) of C. vulgaris (A),
P. subcapitata (B), S. salina (C) and M. aeruginosa (D). The dots correspond to the experimental data and
error bars correspond to the standard deviation of the mean determined for two independent experiments.
The dashed lines were obtained through mathematical modelling.

Table 4.15. Optimal CO; concentrations in the air stream determined for C. vulgaris, P. subcapitata,
S. salina and M. aeruginosa through mathematical modelling

Parameters C. vulgaris P. subcapitata S. salina M. aeruginosa
Umax (1) 1.34 0.892 1.35 1.50

Copt (%0 VIV) 5.35 4.87 5.55 5.62

a -5.32 -5.53 -7.25 -6.36

b 13.2 15.3 12.2 12.7

R? 0.989 0.926 0.988 0.955

RMSE (d?) 0.02 0.024 0.02 0.05

n 6 6 6 6

Values were obtained through mathematical modelling. ppa, - Maximum specific growth rate (in d?);
Copt - Optimal CO, concentration in the air stream for microalgal growth (in % v/v); a and b - model
parameters; R? - coefficient of determination; RMSE - root mean squared error (in d%); n - data size.
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4.4. Microalgal consortia

As reported in Section 3.3.2, several consortia (C. vulgaris + P. subcapitata, C. vulgaris +
S. salina, C. vulgaris + M. aeruginosa, P. subcapitata + S. salina, P. subcapitata +
M. aeruginosa and S. salina + M. aeruginosa) were evaluated in terms of biomass
production, CO; capture and nutrients removal. These experiments have shown that these
processes were favoured in the consortia containing S. salina (from now on SC for S. salina
+ C. vulgaris, SP for S. salina + P. subcapitata and SM for S. salina + M. aeruginosa). The
following sections present in detail the results obtained for these specific consortia. The

overall results obtained for all studied consortia are presented in Annex V.

4.4.1. Microalgal growth

Co-cultivation of C. vulgaris, P. subcapitata and M. aeruginosa with S. salina has shown
significant influence on microalgal growth. Figure 4.8 presents the growth curves obtained
for single cultures of the studied microorganisms (Figure 4.8-A) and for dual-species
cultures containing S. salina (Figure 4.8-B). In these growth curves, it is possible to
distinguish the adaptation phase, which lasted for approximately one day for all studied
cultures, and the exponential growth phase. Regarding single cultures, the studied
microalgae have shown a similar growth behaviour, reaching similar maximum biomass
concentrations (approximately (21.7+3.3)x10° cells mL™1). However, looking at the growth
curves obtained for the three studied consortia, it is possible to see a significant increase
(p<0.05) in maximum biomass concentrations achieved in the SC and SM consortia
(approximately (41.3+3.3)x10° cells mL™). The SP consortium has shown a similar
behaviour to the one observed for single cultures. Higher biomass concentrations achieved
in the SC and SM consortia suggest a symbiotic relationship between these microorganisms
(Reyna-Martinez et al., 2014).

To evaluate the potential of the three studied consortia in biomass production, kinetic growth
parameters, such as specific growth rates and average biomass productivities, were
determined (Table 4.16). In this study, specific growth rates ranged from 0.643+0.044 to
0.950+0.107 dX. From Table 4.16 it is possible to observe that similar values (p>0.05) were
obtained for the single cultures of S. salina, P. subcapitata and M. aeruginosa and for the

consortia containing these microorganisms. On the other hand, statistically higher (p<0.05)
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Figure 4.8. Growth curves obtained for the studied microorganisms when grown in single (A) and dual-
species (B) cultures containing S. salina. Error bars correspond to the standard deviation of the mean

determined for four independent experiments.

Table 4.16. Specific growth rates (u, in d%), maximum cell concentrations (N, in cell mL1) and average
biomass productivities (P, in mg DW L d!) determined for single and dual-species cultures containing

S. salina

Microorganisms p(d?) Npmax (X108 cells mLY) P (mg DW Lt d?)
S. salina 0.690+0.028 25.313.6 60.2+9.4

C. vulgaris 0.950+0.107 18.0+1.6 47.0£3.1

P. subcapitata 0.665+0.060 20.5+1.4 41.249.2

M. aeruginosa 0.702+0.047 21.6x2.1 49.9+3.1

S. salina + C. vulgaris (SC) 0.811+0.045 42.442.4 96.9+8.2

S. salina + P. subcapitata (SP) 0.643+0.044 24.7+2.1 63.6+4.1

S. salina + M. aeruginosa (SM) 0.696+0.018 40.1+4.0 83.9+10.2

Values are presented as the mean * standard deviation of four independent experiments.

specific growth rates were determined for the single and dual-species cultures of C. vulgaris.

Comparing the values determined for single and dual-species cultures, it was observed that

dual-species cultures have not favoured doubling times: specific growth rates were close to

those of the microorganisms composing each studied consortia. On the other hand, co-

cultivation of S. salina with the other studied microorganisms has strongly influenced

average biomass productivities and maximum biomass concentrations achieved. Average

biomass productivities values achieved by single cultures ranged from 41.2+9.2 to

60.249.4 mg DW L d?, whereas for dual-species cultures, these values ranged from
63.6+4.1 to 96.9+8.2 mg DW L* d. Values determined for the SC and SM consortia were

statistically higher (p<0.05) than those determined for each individual microorganism. The
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SP consortium has not resulted in higher average biomass productivities
(63.6+4.1 mg DW L d?) than those achieved in single cultures (p>0.05). These results
indicate that the SC and SM consortia enhanced average biomass productivities, which might
be related to a symbiotic relationship between these microorganisms. Johnson and Admassu
(2013) have reported that the co-culture of less productive strains with others presenting
higher average biomass productivities results in denser cultures, reaching average biomass
productivities close to those of the most productive strains. Accordingly, C. vulgaris and
M. aeruginosa can be effectively used in co-culture with S. salina, improving average

biomass productivities.

4.4.2. CO2 uptake rates

Table 4.17 presents carbon mass fractions incorporated in the biomass resulting from single
and dual-species cultures and CO> uptake rates determined assuming that all CO> assimilated
by the studied cultures was incorporated into microalgal biomass. Analysis of Table 4.17
shows that carbon contents present in microalgal biomass resulting from single and dual-
species cultures was not statistically different (p=0.99). Average carbon contents determined
in single cultures was 44.26+2.18 % (w/w), whereas in dual-species cultures, this value was
44.23+2.99% (w/w). Although single and dual-species cultures have resulted in similar
carbon contents, CO> uptake rates determined for dual-species cultures were statistically
higher (p=0.03) than those of single cultures. These results are not surprising because
average biomass productivities determined in dual-species cultures were also statistically
higher than those of single cultures (Section 4.4.1). Comparing the three consortia, SC
consortium was the most effective in CO uptake, reaching CO. uptake rates of

Table 4.17. Carbon contents (a, in % w/w) and CO; uptake rates (R, in mg CO, L d?) determined for
single and dual-species cultures containing S. salina

Microorganisms ac (% wiw) R¢ (mg CO2 L1 dY)
S. salina 42.51 93.8+14.7

C. vulgaris 4431 76.3+5.0

P. subcapitata 47.32 71.4+16.0

M. aeruginosa 42.90 78.4+4.8

S. salina + C. vulgaris (SC) 42.38 150+13

S. salina + P. subcapitata (SP) 47.68 111+7

S. salina + M. aeruginosa (SM) 42.64 131+16

Values are presented as the mean + standard deviation of four independent experiments.
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150413 mg CO; L d1. Higher CO; uptake rates were reported for a mixture of Chlorella
sp. and Scenedesmus sp. in the study performed by Koreiviené et al. (2014). In this study,
cultivation of this consortium for three weeks in BG-11 medium and in different
concentrations of a primary-treated municipal wastewater has resulted in a CO. uptake of up
t01.37gCO, L1 d™.

4.4.3. Nutrients removal

Nitrogen and phosphorus concentrations were determined within the cultivation time to
evaluate the potential of the studied cultures in nutrients removal. Figure 4.9 shows the time-
course evolution of nitrogen (A and B) and phosphorus (C and D) concentrations for single
(A and C) and dual-species cultures (B and D).

Nitrogen uptake was higher in dual-species cultures than in single cultures. In single cultures,
only C. vulgaris and P. subcapitata were able to reach the limits established by EU
legislation. In these cultures, the upper limit (15 mg N L) was reached between the fourth
and fifth day of culturing. On the other hand, S. salina and M. aeruginosa were not able to
reach the limits imposed by legislation within the cultivation time: nitrogen concentrations
in the last day of culturing were 15.6+0.7 and 18.5+0.2 mg N L, respectively. Co-
cultivation of S. salina with the other studied microorganisms has effectively improved
nitrogen uptake, as the three studied consortia have reached the limit imposed by EU
legislation. However, these cultures have shown different uptake profiles: the SP and SM
consortia have reached this limit between the second and third day of culturing, whereas the
SC consortium has only reached the same value after the fourth day of culturing. Although
this last consortium seems to have lower uptake rates, the lowest nitrogen concentration
(5.27+0.60 mg N L) was achieved by this culture. This value was not statistically different
from the one obtained for the SP consortium (7.31+1.36 mg N L*, p=0.05), but it was
statistically lower than the one obtained for the SM consortium (6.01+0.30 mg N L7,
p=0.03). In addition to the limit concentration for discharged effluents, load reduction
percentages or removal efficiencies were also determined (Table 4.18). Nitrogen removal
efficiencies determined for single cultures ranged from 49.8+3.7 to 70.6£4.1%. In the study
performed by Li et al. (2011b) TN removal efficiencies of 89% were reported for Chlorella
sp., with the majority of the removal occurring in the first four days of culturing. Taking into
account the minimum percentage reduction established by EU legislation, only C. vulgaris
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Figure 4.9. Time-course evolution of nitrogen (A and B) and phosphorus (C and D) concentration in the
culture medium obtained for single (A and C) and dual-species (B and D) cultures containing S. salina. Error
bars correspond to the standard deviation of the mean determined for four independent experiments. The
lines represent the model fit of the modified Gompertz model to the experimental data. The horizontal dashed
lines correspond to the limits for nutrients concentration in discharged effluents imposed by EU legislation.

achieved the minimum value of 70%. However, this value was not statistically different
(p=0.11) from the one obtained for P. subcapitata (62.9+9.3%). Removal efficiencies
determined for both cyanobacteria were, in turn, statistically lower (p<0.05). Regarding the
three studied consortia, they achieved reduction percentages that exceeded the 70% defined
by legislation. The consortium presenting the highest removal efficiency was the SC
(84.5+£2.3%), followed by the SM (77.7+£0.9%) and SP (72.0£5.3%) consortia. In general,
nitrogen removal efficiencies determined for the co-cultures were statistically higher
(p<0.05) than those determined for each individual microorganism, except in the SP
consortium, where nitrogen removal efficiency was statistically higher than the one
determined for the single S. salina culture (p<0.01), but it was not statistically different from
the value determined for P. subcapitata (p=0.09). In the study performed by Chinnasamy et

al. (2010), a microalgal consortium comprising both native unicellular and filamentous
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strains was able to remove 99.8% of NOs-N after 72 h of culturing in sterilized carpet
industry effluent. The co-culture of C. vulgaris with the cyanobacterium P. isothrix under
shaken conditions and with a light irradiance of 60 umol m2 s has shown that the highest
removal of NHs-N was achieved by the microalga (56.03+0.81 mg N L), followed by the
co-culture (52.44+0.78 mg N L) and the cyanobacterium (48.17+0.15 mg N L'1) (Silva-
Benavides and Torzillo, 2012). Additionally, in a study performed by Renuka et al. (2013),
three different microalgal consortia (MC1 — Calothrix sp., Lyngbya sp., Ulothrix sp. and
Chlorella sp.; MC2 — Phormidium sp., Limnothrix sp., Anabaena sp., Westiellopsis sp.,
Fischerella sp. and Spirogyra sp.; and MC3 — Chlorella sp., Scenedesmus sp., Chlorococcum
sp. and Chroococcus sp.) were able to remove about 90% of NOs-N from sewage wastewater
on the tenth day. Nitrogen uptake rates were also evaluated in this study. Looking at the
profiles of nutrients removal, it is clear that nutrients uptake by the studied microorganisms
goes through an adaptation phase, also known as lag phase, followed by an exponential
decrease and a stationary phase. Therefore, the modified Gompertz model was fitted to the
experimental data to determine nutrients removal Kinetic parameters. The curved lines
present in Figure 4.9 represent the model fit of the modified Gompertz model to the
experimental data. With this model fit, lag times and nutrients uptake rates were determined
(Table 4.18). Additionally, the quality of the model fit was evaluated through analysis of the
parameters R? and RMSE. Analysis of these performance parameters (R?>0.965 and
RMSE<1.5 mg N L) indicates that the Gompertz model correctly describes nitrogen uptake
by the studied cultures. Looking at lag time values, it is possible to conclude that the studied
cultures presented a short lag time, starting nitrogen uptake before completing the first day
of culturing. The highest lag times were observed for single cultures, ranging from
0.285+0.004 to 0.800£0.034 d. On the other hand, lag times estimated for the three studied
consortia ranged from 0.0348+0.0008 to 0.349+0.021 d. An immediate assimilation of NO3-
N was also observed by the three consortia developed by Renuka et al. (2013). Regarding
nitrogen uptake rates, the values estimated through the modified Gompertz model were
similar for both single and dual-species cultures. Values determined for each individual
microorganism ranged from 0.527+0.064 to 0.874+0.011 d, whereas the same values
determined for the three studied consortia ranged from 0.497+0.053 to 0.772+0.017 dX. Ruiz
et al. (2013) reported NO3z-N removal rates of 1.5+0.3 d* for C. vulgaris when cultured in
commercial synthetic Combo medium. However, lower removal rates were obtained in the

study performed by Wang et al. (2014). TN removal rates of 0.16 d* were determined for
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the freshwater microalgae Chlorella sp. and Micractinium sp. grown in primary effluent
wastewater. When cultured in high strength wastewater (a mixture of anaerobic digestion
centrate and primary effluent), TN removal rates determined for Chlorella sp. and
Micractinium sp. were even lower (0.06 and 0.05 d, respectively). These results suggest
that nutrientsa uptake rates are influenced by the composition of the applied culture medium
(Wang et al., 2014). In single cultures, C. vulgaris and P. subcapitata showed, at the same
time, the shortest lag times and the highest uptake rates, explaining the lowest nitrogen
concentrations achieved by these cultures in the last day of culturing. Likewise, the SP and
SM consortia presented the lowest lag time values and the highest uptake rates, explaining
the achievement of the concentration value established by EU legislation after the second

day of culturing.

Phosphorus uptake by single and dual-species cultures (Figure 4.9-C and 4.9-D,
respectively) was similar to nitrogen uptake: phosphorus concentrations achieved by the
studied consortia in the last day of culturing were lower than those achieved by single
cultures. Among single cultures, only C. vulgaris and M. aeruginosa were able to achieve
the first limit defined by EU legislation (2 mg P L™). Achievement of these values
(1.62+0.21 mg P L™ for C. vulgaris and 1.90+0.33 mg P L™ for M. aeruginosa) was observed
only at the end of cultivation time. Single cultures of S. salina and P. subcapitata, in turn,
were not able to reach the limits established by legislation, even at the end of the
experiments. However, all studied consortia were able to effectively remove phosphorus
from the culture medium, reaching the limits imposed by EU legislation. In these cultures,
the SP consortium has reached this value after the fourth day of culturing whereas the SC
and SM consortia have reached this limit after the fifth day of culturing. At the end of
cultivation time, the lowest phosphorus concentration was achieved by the SM consortium
(0.289+0.188 mg P L%, followed by the SP (0.940+0.098 mg P L%) and SC
(1.38+0.26 mg P L) consortia. Values of phosphorus removal efficiencies (Table 4.18)
evidence a better performance of the studied consortia over each individual culture. Values
determined for single cultures ranged from 50.4+2.5 to 81.3+£3.0%, while for dual-species
cultures ranged from 85.9+£2.7 to 97.2+1.9%. As it is possible to see from Table 4.18, only
the single cultures of C. vulgaris and M. aeruginosa were able to reach the minimum
reduction percentage of 80% established by EU legislation. However, these values were not
statistically different (p>0.05) from phosphorus removal efficiency determined for S. salina

(77.0£3.6%). PO4-P removal percentages close to 100% were obtained for the microalgae
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Scenedesmus sp. and C. zofingiensis in the studies performed by Xin et al. (2010) and Zhu
et al. (2013), respectively. In dual-species cultures, all studied combinations resulted in a
reduction percentage higher than 80%. The highest removal efficiency was observed for the
SM consortium (97.2£1.9%), followed by the SP (91.8£1.3%) and SC (85.9%2.7%)
consortia. Additionally, it was observed that phosphorus removal efficiencies determined for
these cultures were statistically higher (p<0.05) than those determined for each individual
microorganism. Chinnasamy et al. (2010) have reported POs-P removal efficiencies of
96.6% using a microalgal consortia grown in carpet industry effluent. The co-culture of
C. vulgaris with P. isothrix under shaken conditions and with a light irradiance of 60 umol m-
2 s1 has shown that the highest removal of TP was achieved by the co-culture
(7.55+0.05 mg P L), followed by the single cultures of the microalga (7.52+0.14 mg P L™?)
and the cyanobacterium (7.50+0.10 mg P L1). Renuka et al. (2013) have also successfully
applied three microalgal consortia in the treatment of primary-treated sewage effluent,
achieving PO4-P removal efficiencies between 87 and 90% after the second day of culturing.
As well as for nitrogen, phosphorus uptake rates were determined by fitting the modified
Gompertz model to the experimental data. The model fit of the modified Gompertz model
to phosphorus concentration is represented by the curved lines present in Figure 4.9-C and
4.9-D. Table 4.18 presents values of lag time and uptake rate given by this model. As it is
possible to see from the performance indexes (R?>0.954 and RMSE<0.5 mg P L), the
modified Gompertz model is also able to describe the behaviour of the studied cultures
regarding phosphorus uptake. Looking at lag time values determined, it is possible to
conclude that nitrogen assimilation was faster than phosphorus assimilation (higher lag time
values were determined for this nutrient). In the study performed by Ruiz et al. (2011),
PO4-P uptake was slower than NOs-N (considering removal curves obtained for the
experiments working with nitrogen and phosphorus concentrations similar to those used in
this study). Comparing single and dual-species cultures, longer lag times were determined
for those single: lag time values determined for single cultures ranged from 0.726+0.008 to
2.53+0.07 d, whereas lag times estimated for the three studied consortia ranged from
0.632+0.012 to 1.57+0.08 d. The decrease in lag times when culturing these microorganisms
as co-cultures was also observed in the case of nitrogen uptake and may be explained by
competition for the same nutrients. In dual-species cultures, where cultured microorganisms
were competing for the same nutrients, both microorganisms readily started nutrients uptake.
Since these nutrients (nitrogen and phosphorus) are required by microalgae for

macromolecular biosynthesis, an increase in nutrients uptake may be related to the increased
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biomass productivities reported for the studied consortia. Regarding phosphorus uptake
rates, estimated values were higher for the consortia than for each individual microorganism,
except in the consortium SC, where uptake rate (0.827+0.008 d*) was higher than the uptake
rate determined for the single S. salina culture (0.561+0.037 d*), but was lower than that of
the single C. vulgaris culture (0.922+0.030 d1). Phosphorus removal rates determined for
single cultures ranged from 0.537+0.043 to 0.922+0.030 d?, whereas removal rates
determined for the studied consortia ranged from 0.684+0.013 to 0.836+0.009 dX. Higher
PO4-P removal rates were determined in the study performed by Ruiz et al. (2013) for
C. vulgaris using different synthetic media and wastewaters: PO4-P removal rates
determined ranged from 2.0+0.2 to 8.7+1.2 d1. However, in the study performed by Wang
et al. (2014), lower uptake rates were determined: when cultured in primary effluent
wastewater, Chlorella sp. and Micractinium sp. achieved POs-P uptake rates of 0.17 and
0.19 d, respectively, whereas in sludge centrate, PO4-P uptake rates were 0.32 and 0.27 d-
! respectively. As for nitrogen removal, it can be proposed that nutrient uptake rates strongly
depend on the composition of the used culture medium. The longer lag times, as well as the
lower uptake rates determined for single cultures explain the difficulties of these cultures in
achieving the limits established by legislation. On the other hand, lower lag time values and
higher phosphorus uptake rates determined for dual-species cultures resulted in higher
phosphorus uptake, with the achievement of the limits imposed by legislation, for the
consortium SP, after the fourth day of culturing and, for the SC and SM consortia, after the

fifth day of culturing.

4.5. Microalgal-bacterial consortia

4.5.1. Microalgal and bacterial growth

Figure 4.10 shows the growth curves obtained for C. vulgaris and for the three isolates when
grown in single cultures (Figure 4.10-A, 4.10-C and 4.10-E) and in the three studied
consortia (Figure 4.10-B, 4.10-D and 4.10-F). Kinetic growth parameters, such as specific
growth rates, maximum cell concentrations and average biomass productivities, are shown
in Table 4.19. Regarding the bacterial isolates, data from Figure 4.10 evidence the typical
growth phases under batch conditions. Cultures of E. asburiae (Figure 4.10-A and 4.10-B)

have experienced an exponential growth phase of approximately 24 h. At this stage the
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bacterial concentration started decreasing until the end of cultivation time. Comparing the
behaviour of this isolate in single cultures and in the CE consortium, maximum cell
concentration achieved in single cultures ((11.9+1.4)x108 CFU mL™) was statistically higher
(p=0.01) than the
((8.70+0.17)x108 CFU mL™1). Regarding Klebsiella sp. growth curves (Figure 4.10-C and
4.10-D), exponential growth phase also lasted for approximately 24 h in both cultures. After

maximum cell concentration achieved in consortium
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Figure 4.10. Growth curves obtained for C. vulgaris and for the bacterial isolates when grown in single (A,
C and E) and dual-species (B, D and F) cultures containing C. vulgaris. Error bars correspond to the standard
deviation of the mean determined for four independent experiments.
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this time cell concentration of single cultures was kept approximately constant (stationary
growth phase) until the third day of culturing, where cell concentration started decreasing.
In the CK consortium, an absence of the stationary growth phase was observed and cell
concentration started decreasing after the first day of culturing. R. ornithinolytica growth
curves (Figure 4.10-E and 4.10-F) have shown an exponential growth phase of
approximately one day, followed by a retardation phase until the second day of culturing and
then a declining phase until the end of cultivation time. As it was observed for E. asburiae,
maximum cell concentration achieved by R. ornithinolytica in single cultures
((15.1£0.4)x10® CFU mL1) was statistically higher (p=0.04) than the one achieved in the
CR consortium ((12.4+0.1)x108 CFU mL™). The short duration of the exponential growth
phase observed for the bacteria is related to their higher specific growth rates, when
compared to those of microalgae. Additionally, since these studies were performed in batch,
the end of this growth phase is associated to the decrease observed in soluble COD (Figure
4.11-E and 4.11-F). Lower cell concentrations achieved in the CE and CR consortia, as well
as the lack of a stationary growth phase until the third day of culturing for Klebsiella sp.
grown in the consortium, may be related to the competition for the organic carbon source
with C. vulgaris. Although microalgal growth is mainly autotrophic, when both organic and
inorganic carbon sources are supplied, microalgae perform both photosynthesis and
oxidative assimilation (Cuellar-Bermudez et al., 2015; Ogawa and Aiba, 1981). This
assumption can be confirmed through the decrease observed in soluble COD in the single
C. vulgaris culture (Figure 4.11-E). Regarding microalgal growth, CE and CR consortia have
shown a great influence on C. vulgaris growth kinetics. Figure 4.10 also shows the growth
curves obtained for C. vulgaris grown in single cultures and in the consortia. Analysis of
these growth curves shows that, in all conditions, C. vulgaris experienced an adaptation
phase that lasted approximately one day, followed by the exponential growth phase.
Duration of this growth phase was strongly influenced by the presence of the co-cultivated
microorganisms: (i) in the single C. vulgaris culture (Figure 4.10-A, 4.10-C and 4.10-E), this
growth phase lasted for two days; (ii) in the CE consortium (Figure 4.10-B) it lasted until
the fourth day of culturing, followed by a linear growth until the end of cultivation time; (iii)
in the CK consortium (Figure 4.10-D) it lasted for two days; and (iv) in the CR consortium
(Figure 4.10-F) it lasted for three days.

Concerning the kinetic growth parameters (Table 4.19), specific growth rates determined for

the single C. vulgaris culture (0.910+0.026 d*) were not statistically different (p>0.05) from
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those determined for this microalga in the CE (1.19+0.15 d}), CK (0.959+0.117 d) and CR
(0.929+0.034 d1) consortia. On the other hand, co-cultivation of C. vulgaris with E. asburiae
and R. ornithinolytica has resulted in an increased microalgal cell concentration. Maximum
cell concentrations achieved in single cultures ((8.27+0.79)x10° cells mL™*) were statistically
lower (p<0.05) than those determined for the CE ((19.8+2.0)x10% cells mL™) and CR
((14.4+2.3)x10° cells mL™) consortia. Higher cell concentrations achieved in the CE
consortium were not surprising since bacteria from the genus Enterobacter are known for
their role as plant growth-promoting bacteria (Bashan et al., 1993). Maximum cell
concentration achieved in the CK consortium ((8.74+0.94)x10° cells mL?) was not
statistically higher (p=0.18) than the one determined for single C. vulgaris cultures.
Statistically higher (p<0.05) average biomass productivities were also determined for the CE
and CR consortia: 35.9+1.8 and 31.4+3.0 mg DW L d?, respectively. On the other hand,
average biomass productivities determined for the single C. vulgaris culture and for the CK
consortium were not statistically different (p=0.57).

These results suggest that co-cultivation of C. wvulgaris with E. asburiae and
R. ornithinolytica improved microalgal growth. The improvement in C. vulgaris growth is
probably related to metabolic cooperation established between the microalga and the co-
cultured bacterium. Previous studies have concluded that the growth of C. vulgaris can be

promoted by the presence of plant growth-promoting bacteria, such as A. brasilense,

Table 4.19. Specific growth rates (u, in d*), maximum cell concentrations (Ny mayx, in cell mL™, or N .,
in CFU mL™) and average biomass productivities (P, in mg DW L d*) determined for the studied
microorganisms when grown in single and dual-species cultures containing C. vulgaris

. . n N max NB max P

Microorganisms ' '
g (@b (x10% cells mLY)  (x108 CFUmL™) (mgDW L1d?)

C. vulgaris 0.910+0.026 8.27+0.79 n.a. 21.4+4.0
E. ashuriae n.d. n.a. 11.9+1.4 n.d.
Klebsiella sp. n.d. n.a. 6.15+0.49 n.d.
R. ornithinolytica n.d. n.a. 15.1+0.4 n.d.

. is + E. i
fcg;”gar's E. asburiae 1194015  19.842.0 8.70+0.17 35.9+1.8

. is + i .
(CCP‘Q)"ga”s Klebsiella sp 0.959+0.117 8.74+0.94 7.20+1.13 25.0+1.2
(Cég‘;'ga“s +R.omithinolytica 5 92940034 14.4+2.3 12.4+0.1 31.443.0

Values are presented as the mean + standard deviation of four independent experiments. n.a. - not applicable;
n.d. - not determined.
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Rhizobium sp. and B. licheniformis (De-Bashan et al., 2004; Kim et al., 2014; Liang et al.,
2013). Additionally, in the study performed by Park et al. (2008), co-inoculation of
C. ellipsoidea with eight bacterial strains isolated from a long-term culture of this microalga

resulted in microalgal growth increase of up to three times compared to C. ellipsoidea alone.

4.5.2. CO2 uptake rates

Table 4.20 presents carbon contents determined for the studied microorganisms when grown
in single and dual-species cultures containing C. vulgaris. In all microalgal cultures (single
C vulgaris culture and CE, CK and CR consortia) average carbon content determined was
48.63+1.91% (w/w). This value is very close to the 50% (w/w) reported in the study
performed by Tang et al. (2011) for C. pyrenoidosa. On the other hand, average carbon
content determined for the bacterial isolates (grown in single cultures) was
45.32+0.28% (w/w). Similar orders of magnitude were determined for different native
aquatic and cultured bacteria in the study performed by Fagerbakke et al. (1996):
60.19+6.57% (w/w). With carbon contents determined for microalgal cultures and assuming
that organic carbon assimilation by C. vulgaris (through mixotrophy) was almost negligible,
CO- uptake rates were determined. CO> uptake rate determined for the single C. vulgaris
culture was 45.6+7.4 mg CO, Lt d*. Similar values (p>0.05) were determined for the CK
(45.6+2.2 mg CO, L't d!) and CR (52.945.1 mg CO. L d!) consortia. However, CO>
uptake rate determined for the CE consortium was statistically higher (p=0.02):
63.8+3.2 mg CO, Lt d?', which might be related to the highest average biomass

productivities determined for this consortium.

Table 4.20. Carbon contents (a, in % w/w) and CO. uptake rates (R, in mg CO, L d?) determined for
the studied microorganisms when grown in single and dual-species cultures containing C. vulgaris

Microorganisms oc (Y wiw) R¢ (mg COz L1 d?)
C. vulgaris 50.28 45.617.4

E. asburiae 45.62 n.d.

Klebsiella sp. 45.07 n.d.

R. ornithinolytica 45.27 n.d.

C. vulgaris + E. asburiae (CE) 48.48 63.8+3.2

C. vulgaris + Klebsiella sp. (CK) 49.75 45.612.2

C. vulgaris + R. ornithinolytica (CR) 45.99 52.945.1

Values are presented as the mean * standard deviation of four independent experiments. n.d. - not
determined.
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4.5.3. Nutrients removal

Figure 4.11 shows the time-course evolution of nitrogen (Figure 4.11-A and 4.11-B),
phosphorus (Figure 4.11-C and 4.11-D) and COD (Figure 4.11-E and 4.11-F) present in the
synthetic medium for single cultures of C. vulgaris and the bacterial isolates (Figure 4.11-
A, 4.11-C and 4.11-E) and for the studied consortia (Figure 4.11-B, 4.11-D and 4.11-F).

From Figure 4.11-A, it is possible to see that single C. vulgaris cultures were able to
effectively remove nitrogen from the synthetic medium, reaching concentrations below the
limits imposed by EU legislation at the end of cultivation time (0.495+0.231 mg N L™%).
Regarding the bacterial isolates, Figure 4.11-A also shows the ability of Klebsiella sp. and
R. ornithinolytica to assimilate NOz-N, being R. ornithinolytica faster than Klebsiella sp. On
the other hand, E. asburiae was not able to remove nitrogen from the synthetic medium. At
the end of cultivation time, nitrogen concentration present in the culture medium resulting
from the single Klebsiella sp. culture was 17.1+0.3 mg N L™, whereas nitrogen concentration
in the one resulting from the single R. ornithinolytica culture was almost negligible. NOs-N
removal by bacteria was thought to be an anaerobic process conducted by denitrifying
bacteria. However, the presence of oxygen in the synthetic medium within the cultivation
time (Figure V1.1, Annex VI) suggests another nitrogen removal mechanism. In fact, several
studies have reported the ability of some bacteria, especially from the genus Klebsiella, to
assimilate NOs-N (Zhou et al., 2007). In this process, nitrate is consecutively reduced into
nitrite and into ammonia, which is then incorporated into carbon skeletons (Pifiar et al., 1997,
Pifiar et al., 1998; Zhou et al., 2007). The studied consortia have also shown a great ability
for nitrogen removal, reaching concentrations close to 0 mg N L* at the end of the
experiments. Since the synthetic medium used in this study did not present ammonia in its
composition, it is thought that the mechanism involved in nitrogen removal by C. vulgaris
was assimilation followed by reduction into ammonia. Although both single and dual-
species cultures of C. vulgaris have achieved the limits for nitrogen concentration in
discharged effluents, it is possible to see that nitrogen uptake in the studied consortia was
faster than in the single C. vulgaris culture. Load reduction percentages or removal
efficiencies were also determined for the studied cultures (Table 4.21). Nitrogen removal
efficiencies determined in this study ranged from 0 to 100%. Taking into account the
minimum percentage reduction established by EU legislation, 70%, this value was achieved

by the single R. ornithinolytica and C. vulgaris cultures and by all studied consortia. In a
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S (mg N LY

S(mgP LY

Time (d) Time (d)
® C. vulgaris B E. asburiae B CE CK A CR
Klebsiella sp. O R. ornithinolytica

Figure 4.11. Time-course evolution of nitrogen (A and B), phosphorus (C and D) and soluble COD (E and
F) concentration in the culture medium obtained for the studied microorganisms when grown in single (A,
C and E) and dual-species (B, D and F) cultures containing C. vulgaris. Error bars correspond to the standard
deviation of the mean determined for four independent experiments. The lines represent the model fit of the
modified Gompertz model to the experimental data. The horizontal dashed lines correspond to the limits for
nutrients concentration in discharged effluents imposed by EU legislation.

previous study conducted by Wang et al. (2010), a NOs-N removal of 62.5% was obtained
when growing Chlorella sp. in a wastewater collected from the secondary settling tank of a
MWTP located in Minnesota (USA). Looking at nutrients removal profiles (Figure 4.11),
nutrients uptake by C. vulgaris and the bacterial isolates grown in single cultures and in the
developed consortia goes through an adaptation phase, also known as lag phase, followed
by an exponential decrease and a stationary phase. Therefore, the modified Gompertz model
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was fitted to the experimental data to determine the kinetic parameters associated to nutrients
uptake. The curved lines present in Figure 4.11 represent the model fits of the modified
Gompertz model to the experimental data. Analysis of the performance parameters R? and
RMSE (Table 4.21) indicates that the Gompertz model correctly describes nutrients
(nitrogen, phosphorus and organic carbon) uptake by the studied microorganisms and
consortia: R2>0.974 and low RMSE values. Looking at lag time values determined for
nitrogen uptake, it is possible to conclude that single C. vulgaris, Klebsiella sp. and
R. ornithinolytica cultures, as well as the studied consortia, presented a short lag time,
starting nitrogen uptake before completing the first day of culturing. Regarding nitrogen
uptake rates, the values obtained through the modified Gompertz model ranged from
0.831+0.122 to 5.61+0.43 d*. The lowest value was determined for the single Klebsiella sp.
culture. However, this value was not statistically different from those determined for the
single C. vulgaris culture (1.42+0.23 d*; p=0.12) and for the CR consortium (1.58+0.16 d"
- p=0.08). Statistically higher values were determined for the single R. ornithinolytica
culture (5.48+0.16 d*; p<0.01) and for the CE and CK consortia: 5.61+0.43 d* (p=0.02) and
3.32+0.02 d? (p<0.01), respectively. Lower NOs-N removal rates (1.5+0.3 d*) were
reported for C. vulgaris grown in commercial synthetic Combo medium (Ruiz et al., 2013).
These results have shown that the CE and CK consortia have favoured nitrogen uptake,
resulting in increased nitrogen uptake rates and in a reduction in the time required for the
achievement of the EU legislation limits for discharged effluents (Table 4.21). When grown
in single cultures, the first limit imposed by EU legislation was reduced to, at least, half of
the value determined for the single C. vulgaris culture. When grown in single cultures, the
first limit imposed by legislation (15 mg N L) was reached after 33.1 h of culturing, whereas
the same value was reached after 11.9 and 17.2 h in the CE and CK consortia, respectively.
Although nitrogen concentrations after the second day of culturing were almost negligible,
microalgal growth in the CE and CR consortia proceeds after the third day. These results
may be due to the uncoupled microalgal growth. According to the Droop (1968) model,
which assumes that microalgal growth depends on the intracellular carbon, nitrogen and
phosphorus quotas instead of the extracellular available nutrients, microalgal growth after
nutrients depletion (uncoupled growth) is possible to occur.

Regarding phosphorus uptake (Figure 4.11-C and 4.11-D), C. vulgaris single cultures and

consortia were able to effectively remove this nutrient from the synthetic medium, reaching
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the limits defined by EU legislation. Since the pH of the synthetic medium in these cultures
(Figure V1.2, Annex VI) has not exceeded 8, except in the last days of culturing where no
measurable quantity of phosphorus was detected, phosphate precipitation is not expected to
occur. Accordingly, it can be proposed that the mechanism involved in phosphorus removal
was assimilation. Among the bacterial isolates, only R. ornithinolytica was able to uptake
phosphorus, however, with modest efficiencies (43.1+4.7%). In this culture, phosphorus
concentration decreased from 9.25+0.06 to 5.26+0.22 mg P L™* (in the third day of culturing),
being constant until the end of the experiments. The ceasing of phosphorus uptake at the
third day is apparently related to the declining growth phase experienced by
R. ornithinolytica after the second day of culturing. The assimilation and storage of
phosphate in the form of polyphosphates has already been reported for several
microorganisms, known as polyphosphate accumulating microorganisms (Mino et al., 1998;
Zafiriadis et al., 2012). However, the low removal efficiencies demonstrated by the bacterial
isolates may be related to the low ability of activated sludge for phosphorus uptake (Su et
al., 2012b). Comparing C. vulgaris cultures, it is clear that phosphorus uptake by the three
studied consortia was faster than phosphorus uptake determined for single C. vulgaris
cultures. Regarding phosphorus removal efficiencies, values determined for all C. vulgaris
cultures were not statistically different (p>0.05), ranging from 95.6+2.2 to 96.2+1.4%. In
these conditions, the minimum reduction percentage of 80% established by EU legislation
was achieved. Similar removal percentages were obtained by Wang et al. (2010) when
culturing Chlorella sp. in a wastewater collected before and after primary settling: 83.2 and
90.6%, respectively. As well as for nitrogen, phosphorus uptake rates were determined by
fitting the modified Gompertz model to the experimental data. Table 4.21 presents values of
lag time, uptake rates and time required to achieve the limits for phosphorus concentration
in discharged effluents established by EU legislation. Similar lag time values (p>0.05) were
determined for both nitrogen and phosphorus uptake, indicating that both nutrients were
readily assimilated (lag time values lower than one day). Comparing single C. vulgaris
cultures with the studied consortia, a statistically higher lag time (p<0.05) was determined
for single C. vulgaris cultures (0.650£0.030 d). In the CE, CK and CR consortia, lag time
values were 0.179+0.033, 0.281+0.031 and 0.179+0.010 d, respectively. In the case of
phosphorus uptake rates, a statistically lower value (p<0.05) was determined for the single
C. vulgaris culture: 1.56+0.21 d*. When cultured with E. asburiae, Klebsiella sp. and R.
ornithinolytica, phosphorus uptake rates increased to 3.01+0.28, 4.02+1.27 and
3.60+0.15 d?, respectively. Phosphorus uptake rates in the same order of magnitude were
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obtained for C. vulgaris in the study performed by Ruiz et al. (2013): when growing
C. vulgaris in different synthetic media and different wastewaters, phosphorus removal rates
ranged from 2.0+0.2 to 8.7+1.2 dX. The reduction of lag times, as well as the increase in
phosphorus uptake rates determined for dual-species cultures, have contributed to a decrease
in the time required for the achievement of EU legislation limits. In single C. vulgaris
cultures the time required for the achievement of the first limit established for phosphorus
was 56.8 h, whereas in the CE, CK and CR consortia this value decreased to 25.5, 22.9 and
23.9 h, respectively. The almost complete depletion of phosphorus after the second day of
culturing and the increase in microalgal cell concentration in the CE and CR consortia
reinforces the idea that uncoupled microalgal growth might have occurred, as described by
Droop (1968). The increase in phosphorus uptake rates observed between single C. vulgaris
cultures and the CK consortium, as well as the absence of effect of Klebsiella sp. on
microalgal growth, suggests that in this consortium luxury uptake of phosphorus might have
occurred. According to Powell et al. (2008, 2009), microalgae can adopt this assimilation
mechanism, which consists in the uptake of nutrients for storage within the biomass rather

than biomass production.

In terms of organic matter present in the synthetic medium, all studied cultures have
effectively removed soluble COD (Figure 4.11-E and 4.11-F), reaching the limit defined by
EU legislation (125 mg O, L). From Figure 4.11-E, it is possible to see that soluble COD
present in the synthetic medium corresponding to the bacterial isolates reached very low
concentrations at the third day of culturing, which is in accordance with the decrease in
biomass concentrations observed in single cultures of these bacteria (Figure 4.10-A, 4.10-C
and 4.10-E). COD removal in the single C. vulgaris culture (Figure 4.11-E) indicates that
microalgal growth in these conditions was mixotrophic. Additionally, it is possible to see
from Figure 4.11-E and 4.11-F that the supplied organic carbon source was almost depleted
within the first three days in the studied consortia and within the first five days in the single
C. vulgaris culture. A complete COD removal was not observed in this study probably
because of the detection limit of the analytical method used for COD determinations. These
results indicate that after the third and fifth days, the concentration of organic carbon was
very low. However, the low concentrations of organic carbon have not limited microalgal
growth, especially in the CE and CR consortia, where exponential growth phase lasted for
longer periods of time (Figure 4.10-B and 4.10-F). One possible reason for these results is

the ability of microalgae to perform photosynthesis, using CO2 (supplied in the air stream
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bubbled into the cultures) as carbon source (Su et al., 2011). At the end of the experiments,
similar COD removal percentages (Table 4.21) were obtained in all studied cultures, ranging
from 85.3£5.1 to 95.0+0.7%. Similar removal percentages (approximately 90%) were
obtained in the study performed by Li et al. (2011b) when culturing Chlorella sp. in a
domestic wastewater. Similarly, a COD removal percentage of 98% was obtained by Su et
al. (2011) when culturing a wastewater-born algal-bacterial culture in a domestic
wastewater. High removal efficiencies determined for the studied cultures may be related to
the high ability of the selected microorganisms to use organic carbon, which was reflected
in the low lag time values obtained through the modified Gompertz model (Table 4.21).
However, it was observed that the studied consortia have reached the limit imposed by EU
legislation before the single cultures of the studied microorganisms. This observation was
confirmed by the COD uptake rates obtained through the modified Gompertz model (Table
4.21). According to these data, COD uptake rates determined for single cultures were not
statistically different (p>0.05), ranging from 0.954+0.066 to 1.49+0.53 dX. On the other
hand, statistically higher (p<0.05) values were determined for the CE, CK and CR consortia,
ranging from 2.12+0.40 to 3.02+0.02 dX. Therefore, the time required for the achievement
of EU legislation limits was significantly reduced in the studied consortia. Comparing
C. vulgaris cultures, this value decreased from 46.8 h (in single cultures) to 17.4, 27.8 and
17.4 h (in the CE, CK and CR consortia, respectively). Higher uptake rates determined for
the studied consortia suggest a better performance of mixed cultures in COD removal. These
results are in accordance with the study performed by Su et al. (2012b), which showed that
COD removal efficiencies of single algal cultures (66.0+6.0%) were lower than those
determined for different algae:sludge ratios (91.2+1.7-96.2+1.1%). The lower ability of
single-cultured microalgae for COD removal may be related to the absence of heterotrophic

bacteria to enhance organic carbon degradation (Su et al., 2012b).

In general, nutrients uptake rates determined for the developed consortia were higher than
those determined for the single cultures used as control, evidencing the synergistic effect of
microalgal-bacterial consortia. These results suggest that the studied consortia improve
nutrients removal Kinetics, which is in agreement with the determined kinetic growth
parameters. Microalgae require high amounts of nitrogen and phosphorus for proteins,
nucleic acids and phospholipids synthesis (Silva-Benavides and Torzillo, 2012), meaning
that an increase in microalgal growth may result in an increased assimilation of both nitrogen

and phosphorus. The improvement of nutrients uptake kinetics in the studied consortia may
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be related to the direct or indirect effect of the presence of bacterial isolates in the studied
consortia. On the one hand, nutrients uptake rates may be higher due to the direct uptake
promoted by the co-cultured isolates. This is the case of nitrogen uptake in the CK and CR
consortia, phosphorus uptake in the CR consortium and COD uptake in the three studied
consortia. On the other hand, the presence of bacterial isolates in the studied consortia may
have resulted in the release of CO2 and other metabolites to the culture medium, positively
affecting microalgal growth. The excretion of CO- to the culture medium is considered one
of the most important factors contributing to the success of microalgal-bacterial cultures,
especially in wastewater treatment processes (Su et al., 2011, 2012). Additionally, it has
already been reported that bacteria supply microalgae with organic growth factors and
vitamins that enhance microalgal growth (Bordel et al., 2009; Natrah et al., 2014; Unnithan
etal., 2014).

4.6. Cultivation in a 60-L open raceway pond

4.6.1. Selection of the appropriate fluid velocity

As it was referred in Section 3.3.3, C. vulgaris growth under different fluid velocities was
evaluated to determine the most suitable fluid velocity to provide a good mixing of the
culture broth. This study has shown that all studied velocities were able to promote a good
mixing of the culture broth, since there was no evidence of cells’ sedimentation at the bottom
of the raceway pond. These results are in accordance with the fluid velocities required to
promote a good mixing reported by Hadiyanto et al. (2013): between 0.1 and 0.3 m s,
Taking into account these observations, biomass productivities and nutrients removal within
the cultivation time were evaluated to determine whether the studied velocities could
influence these parameters. In terms of biomass concentrations achieved, it can be seen from
Figure 4.12 that the study of different fluid velocities has not strongly influenced C. vulgaris
growth. Figure 4.12 shows a similar pattern between the three growth curves obtained, with
no statistical differences (p>0.05) between biomass concentrations achieved within the
cultivation time. Furthermore, kinetic growth parameters, such as specific growth rates,
maximum biomass concentrations and average biomass productivities, determined for the
different fluid velocities (Table 4.22) were not statistically different (p>0.05). Regarding
specific growth rates, values obtained for cultures grown with fluid velocities of 0.10, 0.15

128



Results and discussion

0.8
® 0.10ms?

® 0.15ms?
O 0.20mst?

o
(o)}
1

X (%103 mg DW L)
o
~

0.2 Q

TITLELLAA

0-0 T T T
0 3 6 9 12

Time (d)

Figure 4.12. Growth curves obtained for C. vulgaris grown in the raceway pond under different fluid
velocities. Error bars correspond to the standard deviation of the mean determined for two independent
experiments.

Table 4.22. Specific growth rates (u, in d'*), maximum biomass concentrations (X4, in mg DW L) and
average biomass productivities (P, in mg DW L™ d!) determined for C. vulgaris grown in the raceway pond
under different fluid velocities

Fluid velocity (m s™) u (d?) Xmax (Mg DW L1 P (mg DW L1d?)
0.10 0.313+0.044 378160 18.0+2.0
0.15 0.289+0.030 380+14 20.0+1.3
0.20 0.298+0.033 380£35 18.2+3.2

Values are presented as the mean + standard deviation of two independent experiments.

and 0.20 m s were 0.313+0.044, 0.289+0.030 and 0.298+0.033 d!, respectively. On the
other hand, maximum biomass concentrations achieved ranged between 378+60 and
380+35 mg DW L7 and average biomass productivities ranged between 18.0+2.0 and
20.0+1.3 mg DW L* dX. These results indicate that increasing fluid velocities from 0.10 to
0.20 m s in this raceway pond has not contributed to an increase in C. vulgaris growth.
Additionally, it is possible to see from Figure 4.12 and Table 4.22 that microalgal growth
was not favoured in these conditions, when comparing with the results obtained for
C. vulgaris monocultures grown in the 500-mL flasks (Sections 4.1-4.3). For example,
specific growth rates obtained in the raceway pond were about 70% lower than maximum
specific growth rates reported in Sections 4.1-4.3 (approximately 1.3 d). One possible
reason for the low biomass productivities and specific growth rates obtained in these
experiments might be light limitation. These experiments were performed in indoor

conditions, using a light source able to provide an average daily light irradiance of
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23+2 uE m? s?at the surface of the liquid. Taking into account the optimal average daily
light irradiance determined for C. vulgaris in Section 4.2.5 (208 uE m2s™), the average daily
light irradiance used in these experiments can be considered limiting for microalgal growth.
Additionally, these cultures presented an increased light path (25.8 cm) when compared to
the one observed in the 500-mL flasks (approximately 8.6 cm), meaning that cells located at
the bottom of the raceway pond may not get enough light to perform photosynthesis.
According to Janssen (2016) and Chen et al. (2016), light penetration in microalgal cultures

decreases as the culture depth increases, being lower as the cultures get denser.

A similar behaviour was observed in terms of nutrients uptake from the culture medium.
Time-course evolution of nitrogen and phosphorus concentration in the culture medium
(Figure 4.13) evidences a slight decrease in both nitrogen and phosphorus concentrations.
After the cultivation time, nitrogen concentration decreased from 34.7£1.9 to
25.8+1.8 mg N L™, whereas phosphorus concentration decreased from 8.45+0.46 to
6.59+0.27 mg P L1, These results indicate that the studied conditions have not favoured
nitrogen and phosphorus uptake by C. vulgaris and might be related to the low
photosynthetic activity demonstrated by this microalga in these conditions. Regarding the
effect of fluid velocity on nutrients removal, no statistical difference (p>0.05) was observed
between the studied velocities.

As the range of fluid velocities studied have promoted a good mixing of the cultures

(application of these fluid velocities has not resulted in microalgal sedimentation) and once
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Figure 4.13. Time-course evolution of nitrogen (A) and phosphorus (B) concentration in the culture medium
obtained for C. vulgaris grown in the raceway pond under different fluid velocities. Error bars correspond to
the standard deviation of the mean determined for two independent experiments. The horizontal dashed lines
correspond to the limits for nutrients concentration in discharged effluents imposed by EU legislation.
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different velocities have resulted in a similar behaviour in terms of microalgal growth and
nutrients uptake, the lowest fluid velocity (0.10 m s!) was selected for the further studies
regarding the open raceway pond. This velocity was considered sufficient to promote a good

mixing of the culture broth presenting, at the same time, reduced energetic costs.

4.6.2. Cultivation of the single C. vulgaris culture and the SC and CE consortia

Since the single C. vulgaris culture and the SC and CE consortia have demonstrated to be
the most effective cultures in terms of biomass production, CO2 capture and nutrients uptake
in the 500-mL flasks (Sections 4.1-4.5), their behaviour at higher scale was assessed.
Accordingly, cultures of these microorganism and consortia were performed in the 60-L
open raceway pond described in Section 3.3.3.

Growth curves determined for these cultures are shown in Figure 4.14. Additionally, Table
4.23 presents the kinetic growth parameters (specific growth rates, maximum biomass
concentrations and average biomass productivities). Looking at the growth curves present in
Figure 4.14, it is possible to observe that the studied cultures have shown a similar growth
behaviour, with biomass concentrations ranging from 218+33 to 414+60 mg DW L™
However, it is possible to observe that the single C. vulgaris culture presented an increased
adaptation phase, when compared to that of the SC and CE consortia: the single C. vulgaris
culture presented an adaptation phase of approximately one day, whereas the SC and CE
consortia started growing immediately after the beginning of the cultivation time. Although
C. vulgaris growth was not significantly different from the one obtained in the SC and CE
consortia, the increased lag phase observed in this culture suggests that the studied consortia
can be more advantageous in microalgal biomass production than the single C. vulgaris
culture, which is in accordance with the results obtained in Sections 4.4 and 4.5. As it was
observed in the growth curves, the kinetic growth parameters determined for the single
C. vulgaris culture and for the studied consortia were not statistically different (p>0.05).
Specific growth rates determined for the single C. vulgaris culture and for the SC and CE
consortia were 0.313+0.044, 0.257+0.031 and 0.266+0.049 d*, respectively. On the other
hand, maximum biomass concentrations ranged from 378460 (obtained for the single
C. vulgaris culture) to 585+7 mg DW L (obtained for the CE consortium). Although these
values were not statistically different, maximum biomass concentrations determined for the

SC and CE consortia were higher than those determined for the single C. vulgaris culture,
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Figure 4.14. Growth curves obtained for the single C. vulgaris culture and for the SC and CE consortia
grown in the raceway pond. Error bars correspond to the standard deviation of the mean determined for two
independent experiments.

Table 4.23. Specific growth rates (u, in d'*), maximum biomass concentrations (X4, in mg DW L) and
average biomass productivities (P, in mg DW L d*) determined for the single C. vulgaris culture and for
the SC and CE consortia grown in the raceway pond

Microorganisms p(dh Xmax (Mg DW L) P (mg DW L1d?)
C. vulgaris 0.313+0.044 378160 18.0+2.0
S. salina + C. vulgaris (SC) 0.257+0.031 40014 15.0+0.4
C. vulgaris + E. asburiae (CE) 0.266+0.049 585+7 21.8+1.7

Values are presented as the mean + standard deviation of two independent experiments.

confirming that in the studied consortia cooperative interactions may occur, leading to
increased biomass concentrations. Average biomass productivities determined for the
studied cultures were also very similar, ranging from 15.0£0.4 (value determined for the SC
consortium) to 21.8+1.7 mg DW L d* (value determined for the CE consortium). The slight
increase in biomass concentrations within the cultivation time observed in these cultures
might be a result of light limitation, as it was reported in Section 4.6.1. In fact, all these
cultures were performed with an average daily light irradiance of 23+2 pE m s, which has
demonstrated to be limiting for microalgal growth. Due to light limitation and to the low
average biomass productivities achieved, CO; uptake rates (Table 4.24) determined for these
cultures were also statistically (p<0.05) lower than those obtained in the 500-mL flasks
(Sections 4.4 and 4.5). In this study CO> uptake rates ranged between 23.5+0.6 (value
determined for the SC consortium) and 34.5+2.6 mg COz L d** (value determined for the

CE consortium). On the other hand, CO uptake rates determined in the 500-mL flasks
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(Sections 4.4 and 4.5) ranged between 45.6+7.4 (value determined for the single C. vulgaris
culture) and 150+13 mg CO, Lt d* (value determined for the SC consortium).

Regarding nutrients removal in these cultures, Figure 4.15 presents the time-course evolution
of nitrogen and phosphorus concentration in the culture medium. Analysis of Figure 4.15
also evidences the low photosynthetic activity of the cultures when grown in the raceway
pond with an average daily light irradiance of 23+2 pE m st. Under these conditions, only
a slight decrease was observed in nitrogen and phosphorus concentrations, being the
concentrations achieved in the last day of culturing above the limits defined by EU
legislation. Nitrogen concentration decreased from about 33.9+1.7 to 24.2+#3.0 mg N L,
whereas phosphorus concentration decreased from approximately 8.69+0.56 to
6.12+0.78 mg P Lt. Comparing the single C. vulgaris culture with the SC and CE consortia,
Figure 4.15 evidences a similar behaviour between the studied cultures. However, it is
possible to observe that the CE consortium was more efficient in nutrients uptake from the
culture medium, especially in the first days of culturing. For example, nitrogen concentration
in the first day of culturing decreased from 33.4+1.0 to 24.6+0.7 mg N L*. Although the
limits established by EU legislation were not achieved and the differences between the
studied cultures could not be considered statistically significant (p>0.05), these results are
in agreement with those obtained in the 500-mL flasks (Section 4.5), where the CE
consortium has shown to be more effective in terms of biomass production, CO; capture and

nutrients uptake from the culture medium than the single C. vulgaris culture.

Since the results obtained in the raceway pond were far from those obtained in the 500-mL
flasks, possibly due to light limitation, the single C. vulgaris culture was evaluated in the
same raceway pond, but in outdoor conditions (where average daily light irradiance reaching

the surface of the raceway pond was higher than the one achieved using artificial light).

Table 4.24. Carbon contents (a., in % w/w) and CO, uptake rates (R, in mg CO; L d*) determined for
the single C. vulgaris culture and for the SC and CE consortia grown in the raceway pond

Microorganisms ac (% wiw) R¢ (mg CO2 L1 d?)
C. vulgaris 44.18 29.2+3.3
S. salina + C. vulgaris (SC) 42.80 23.5+0.6
C. vulgaris + E. asburiae (CE) 43.15 34.5+2.6

Values are presented as the mean + standard deviation of two independent experiments.
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Figure 4.15. Time-course evolution of nitrogen (A) and phosphorus (B) concentration in the culture medium
obtained for the single C. vulgaris culture and for the SC and CE consortia grown in the raceway pond. Error
bars correspond to the standard deviation of the mean determined for two independent experiments. The
horizontal dashed lines correspond to the limits for nutrients concentration in discharged effluents imposed
by EU legislation.

4.6.3. Cultivation of C. vulgaris in outdoor conditions

C. vulgaris growth in outdoor conditions in different periods allowed the evaluation of
different average daily light irradiances on microalgal growth, CO capture and nutrients
uptake. Since the experiments were performed between spring and summer 2016,
temperature oscillations in this period were not considered significant. However, different
light conditions were observed in this period, being average daily light irradiances 102, 153
and 204 uE m? s, Therefore, these experiments were used to compare the results obtained
in outdoor conditions with the one obtained in the laboratory with artificial light
(23+2 uE m2sY).

Growth curves obtained in these conditions are shown in Figure 4.16. On the other hand,
kinetic growth parameters are presented in Table 4.25. Analysis of Figure 4.16 shows that
C. vulgaris growth was favoured by increased average daily light irradiances, as it was
reported in Section 4.1.1. Comparing the different average daily light irradiances studied,
the increase in microalgal growth was more pronounced in cultures supplied with average
daily light irradiances of 153 and 204 pE m2 s, These results are in accordance with optimal
light irradiances determined for C. vulgaris in Section 4.2.5 (208 uE m s1). The kinetic
growth parameters present in Table 4.25 also suggest an increased microalgal growth in

cultures grown with higher average daily light irradiances. Regarding specific growth rates,
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Figure 4.16. Growth curves obtained for C. vulgaris grown in the raceway pond under different average
daily light irradiances. Error bars correspond to the standard deviation of the mean determined for two
independent experiments.

Table 4.25. Specific growth rates (i, in d'*), maximum biomass concentrations (X4, in mg DW L) and
average biomass productivities (P, in mg DW L d!) determined for the single C. vulgaris culture grown in
the raceway pond under different average daily light irradiances

Average daily light irradiance (MHE m2s?) p (d?) Xmax (MgDW L) P (mgDW Ltd?)
23 0.313+0.044 378+60 18.0+2.0
102 0.438+0.039 420+14 18.6x0.4
153 0.400£0.027 555449 29.1+1.9
204 0.526+0.137 600+14 29.1+0.4

Values are presented as the mean * standard deviation of two independent experiments.

these values ranged between 0.313+0.044 (for cultures grown with artificial light —
23+2 pE m? st) and 0.526+0.137 d* (for cultures grown with an average daily light
irradiance of 204 uE m s1). Regarding maximum biomass concentrations, an increase of
approximately 37% was observed between cultures grown with 23 and 204 uE m2 s, On
the other hand, average biomass productivities ranged between 18.0 (for cultures grown with
an average daily light irradiance of 23 uE ms?) and 29.1 mg DW L d*! (for cultures grown
with average daily light irradiances of 153 and 204 uE m?2 s™).

CO. uptake rates determined in these conditions (Table 4.26) also evidence higher
photosynthetic activity in cultures performed with higher light supplies. CO, uptake rates
determined at 23 uE m?2 s (29.2+3.3 mg CO; L* d!) almost doubled in cultures performed
in outdoor conditions under the highest average daily light irradiance achieved
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Table 4.26. Carbon contents (a, in % w/w) and CO; fixation rates (R, in mg CO; L d'!) determined for
the single C. vulgaris culture grown in the raceway pond under different average daily light irradiances

Average daily light irradiance (RE m?2s?) o (% wiw) R¢ (mg CO2 Lt d?)
23 44,18 29.2+3.3
102 41.69 28.5+0.6
153 43.39 46.31£3.1
204 43.67 46.6£0.6

Values are presented as the mean * standard deviation of two independent experiments.

(46.6+0.6 mg CO, Lt d'). However, these values were significantly lower than those
obtained for C. vulgaris in the 500-mL flasks for average daily light irradiances ranging
between 15 and 180 pE m™ s (Section 4.1.2). Under these conditions, CO2 uptake rates
oscillated between 60.9+2.0 and 195412 mg CO, L* dl. The low CO, uptake rates
determined in the open pond might be related to the low photosynthetic activity
demonstrated by C. vulgaris in these conditions where light limitation might have occurred
and also to difficulties in mass transfer. In this study, mass transfer was promoted exclusively
by the rotation of the paddlewheel. However, several authors have suggested the use of CO>
sumps at an adequate flow ratio to obtain a good mass transfer in raceway ponds (Benemann
et al., 1987; Craggs et al., 2012; de Godos et al., 2014; Ketheesan and Nirmalakhandan,
2012; Mendoza et al., 2013).

In terms of nutrients uptake, Figure 4.17 presents the time-course evolution of nitrogen and
phosphorus concentration in the culture medium for the different average daily light
irradiances studied in the raceway pond. Analysis of Figure 4.17 evidences higher nutrients
uptake in cultures grown with increased average daily light irradiances, which is in
accordance with the results obtained in the 500-mL flasks (Sections 4.1 and 4.2) and to the
higher photosynthetic activity observed in these conditions. In cultures performed under the
lowest average daily light irradiance, nitrogen concentration decreased from 32.5+1.2 to
23.9+2.0 mg N L7, corresponding to a removal efficiency of 26.3+1.0%. In the same
conditions, phosphorus concentration decreased from 9.0+0.2 to 6.9+0.3 mg P L, which
corresponds to a removal efficiency of 23.4+1.4%. The almost negligible removal
efficiencies obtained in these conditions were not surprising since light limitation might have
occurred. On the other hand, as average daily light irradiance increased, higher removal
efficiencies were obtained for both nitrogen and phosphorus, with maximum removal

efficiencies obtained in cultures performed with the highest average daily light irradiance
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Figure 4.17. Time-course evolution of nitrogen (A) and phosphorus (B) concentration in the culture medium
obtained for the single C. vulgaris culture grown in the raceway pond under different average daily light
irradiances. Error bars correspond to the standard deviation of the mean determined for two independent
experiments. The lines represent the model fit of the modified Gompertz model to the experimental data.
The horizontal dashed lines correspond to the limits for nutrients concentration in discharged effluents
imposed by EU legislation.

(54.2+1.8 and 83.4+3.6% for nitrogen and phosphorus, respectively). Table 4.27 presents
nitrogen and phosphorus removal efficiencies, as well as kinetic parameters associated to
nitrogen and phosphorus uptake. As it is possible to observe in both Figure 4.17 and Table
4.27, the limits established by EU legislation for nitrogen and phosphorus concentration in
discharged effluents were not achieved, except in the case of phosphorus in cultures grown
with the highest light supply (204 uE m s). Taking into account the kinetic parameters
determined through the model fit of the modified Gompertz model to the experimental data,
it is possible to observe increased lag times and lower uptake rates in these cultures, when
compared to those obtained for C. vulgaris in Sections 4.3.3, 4.4.3 and 4.5.3 for cultures
grown in the 500-mL flasks. In the open raceway pond, lag time values ranged between 0
and 4.69+0.11 d, whereas nitrogen and phosphorus uptake rates ranged between
0.218+0.014 and 0.659+0.012 dX. On the other hand, in 500-mL flasks (Section 4.3.3, for
example), lag times ranged between 0.190+0.005 and 2.40+0.19 d and nutrients uptake rates
ranged between 0.669+0.043 and 10.4+0.9 d'. Regarding nutrients uptake mechanisms
involved in these cultures, NO3-N uptake occurred through assimilation. Similarly, the
evolution of pH and dissolved oxygen concentration in the culture medium (Figure VII.1,
Annex VII) also suggests phosphorus assimilation (pH values within the cultivation time

were not higher than 8 and dissolved oxygen concentrations were not very high).
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Table 4.27. Nitrogen and phosphorus removal efficiencies (R, in %) and kinetic parameters of nitrogen and
phosphorus uptake (4, in d, and k, in d*) determined for the single C. vulgaris culture grown in the raceway
pond under different average daily light irradiances

Nutrients Average  daily light R A k 2 RMSE

irradiance (uE m?s?) (%) (d) (d?) (mgSL™)
Nitrogen 23 26.3£1.0 3.53+0.54 0.386+£0.074 0.968 0.5

102 49.0£2.4 1.67x0.87 0.319+0.090 0.961 1.0

153 39.4+2.7 4.33+0.46 0.659+£0.012 0.971 0.9

204 54.2+1.8 2.68%0.02 0.327£0.021 0932 1.4
Phosphorus 23 23.4+1.4 (2.01+0.45)x10° 0.218+0.014 0.837 0.2

102 39.911.8 4.69x0.11 0.503+0.069 0.674 0.8

153 62.8+2.3 4.07£0.20 0.280+£0.029 0.913 0.4

204 83.4+3.6 2.38+0.56 0.360+£0.043 0.945 0.6

Values are presented as the mean + standard deviation of two independent experiments. R? - coefficient of
determination; RMSE - root mean squared error (in mg S L1).

Although the limits imposed by legislation were not achieved using the open raceway pond,
promising results were obtained in cultures grown with the highest light supply. These
results constitute important findings for microalgal cultivation in outdoor conditions for
wastewater treatment purposes, since the nitrogen and phosphorus concentrations achieved
in the last day of culturing in cultures grown with an average daily light irradiance of
204 puE m? s were very close to the limits imposed by EU legislation (15.2+0.6 and
1.6+0.1 mg S L™ for nitrogen and phosphorus, respectively). However, it should be noted
that an adequate light supply should be provided to microalgal cultures. Alternatively a
different configuration of the raceway pond should be adopted to reduce the light path and
thus avoid light shading in the periphery zones of the raceway pond. Another solution might
be the periodically harvesting of microalgal biomass with medium recirculation until the
achievement of the EU legislation limits. The continuous harvesting of biomass will avoid
shading effects of microalgae, thus improving light penetration and therefore the
photosynthetic activity. Preliminary experiments have been performed in this direction.
When evaluating the effect of different fluid velocities on microalgal growth (Section 4.6.1),
flocs formation was observed at the lowest velocity. In fact, for lower fluid velocities, low
net zeta potential values were observed, resulting in aggregates formation. Table 4.28
presents zeta potential values determined for C. vulgaris grown in the open pond under
different fluid velocities, as well as particles’ size and pH values. Analysis of Table 4.28
shows that zeta potential determined for C. vulgaris grown in the open raceway pond at

different fluid velocities ranged between -24.2+4.3 (value determined at 0.10 m s) and -
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35.1+4.0 mV (value determined at 0.20 m s1). Zeta potential measurements give information
about the charge of cell surfaces: negative or positive values of zeta potential depend on the
functional groups present on cell surfaces and also on the pH of the culture medium (Ozkan
and Berberoglu, 2013). Functional groups commonly found on cell surfaces include
hydroxyl (—-OH), carboxyl (-COOH) and amine (—-NH>) (Ferreira et al., 2011; Gonzélez-
Ferndndez and Ballesteros, 2012; Ozkan and Berberoglu, 2013). Since these groups are
ionizable, when cells are exposed to low pH values, functional groups are protonated and
net surface charge becomes positive, and on the other hand, when cells are exposed to high
pH values, functional groups are deprotonated and the resulting net surface charge is
negative. At the point of zero charge (PZC), corresponding to an intermediate pH, some
groups are protonated while others are deprotonated and the surface charge is neutralized
(Hadjoudja et al., 2010; Stumm and Morgan, 2012). Negative values observed for
C. vulgaris were expected, since the pH of the culture medium measured when the samples
were collected was high (8.07+0.23) and PZC reported for algae is approximately pH 3
(Hadjoudja et al., 2010), indicating that functional groups on C. vulgaris surface were
deprotonated. Additionally, net zeta potential values give information about suspensions’
stability. When absolute value of zeta potential is high, repulsive forces prevail over van der
Waals forces, and hence, particles/cells are stable in the dispersed form. On the other hand,
for low net zeta potential values, van der Waals forces (usually attractive) are higher than
repulsive ones and the stability of the suspension is affected, resulting in the formation of
aggregates and further settling (de Schryver et al., 2008; Zita and Hermansson, 1994). Net
zeta potential values determined for C. vulgaris were lower for the lowest fluid velocities
tested, which is in agreement with the evidence of flocs formation in the lowest fluid velocity
and to the higher particle size observed in these conditions. According to Table 4.28, particle
size determined for C. vulgaris oscillated between 12.3+3.2 (value determined at 0.20 m s’

1y and 43.8+5.5 um (value determined at 0.10 m s™), being these values statistically different

Table 4.28. Zeta potential (in mV) and average particle size (in um) determined for C. vulgaris cells grown
in the raceway pond under different fluid velocities

Fluid velocity (m s?) pH Zeta potential (mV) Cell size (um)
0.10 8.25+0.01 -24.2+4.3 43.815.5
0.15 8.15+0.02 -29.245.2 33.0£9.9
0.20 7.81+£0.41 -35.1+4.0 12.3+3.2

Values are presented as the mean + standard deviation of two independent experiments.
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Figure 4.18. C. vulgaris removal percentages determined within the settling period after cultivation for 11
days in the open raceway pond under different fluid velocities. Error bars correspond to the standard
deviation of the mean determined for two independent experiments.

(p<0.01). Aggregates formation in culture grown under the lowest fluid velocity can also be
a result of the increased pH values observed in these cultures: 8.25+0.01 against 8.15+0.02
and 7.81+0.41 determined for cultures grown under fluid velocities of 0.15 and 0.20 m s,
respectively. According to Vandamme et al. (2012), autoflocculation of microalgae can
occur by increasing the pH of the culture medium. Taking into account this innate ability of
C. vulgaris to form aggregates, sedimentation experiments were performed to evaluate the
sedimentation kinetics of this microalga. The recovery efficiency of microalgal cells as a
function of time is represented in Figure 4.18. Analysis of these data clearly evidences a
faster sedimentation kinetics in cultures grown with the lowest fluid velocity (cultures
presenting the lowest net zeta potential value and the highest particle size), with the complete

microalgal settling occurring after 4 h of the beginning of the sedimentation experiments.

These results indicate that biomass harvesting with medium recirculation can be a viable
alternative to improve microalgal growth in the raceway pond and consequent nutrient
uptake, since a fast and economic harvesting of microalgal biomass can be achieved. Under
these conditions microalgal harvesting can be obtained without the requirement of a more
energy- and cost-intensive harvesting procedure and without the contamination of

microalgal biomass (with chemical flocculants, for example).
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4.7. Techno-economic assessment of a microalgal production unit for wastewater

treatment and bioenergy production

Taking into account the biomass concentrations achieved by C. vulgaris grown in the open
pond in outdoor conditions (Section 4.6.3), a TEA of a microalgal production unit was
performed. This analysis aimed the economic evaluation of an integrated system combining
microalgal production with CO> capture, nutrients removal from wastewaters and bioenergy

production for the case of Portugal.

4.7.1. Mass balance

The overall process is schematically represented in Figure 3.5 and the mass balance to the
different streams involved in the process is presented in Table 4.29. The following sections
include a description of each step and all the considerations assumed to determine mass

balances for each process unit.

The proposed algal facility consists of 25 similar high rate ponds with 0.3 m height,
performing a total pond area of 100 ha. These open ponds may operate during diurnal
periods, since photosynthetic growth does not occur at night. Therefore, this period may be
used for shut down for cleaning and maintenance. Average biomass productivities were
determined taking into account the operation time of open ponds, average horizontal light
irradiance observed in Sines (Figure 3.4-B) and the assumed photosynthetic efficiencies (1
to 3%). Photosynthetic efficiencies ranging between approximately 1.5 and 4.5% were
already reported for C. vulgaris (Hirayama et al., 1996). Accordingly, annual average
biomass productivity determined for the base scenario in this region is approximately
16 g m2 d, which is similar to the values determined by Doucha and Livansky (1995) for
Chlorella sp. grown in open ponds (25 g m? d?). Considering annual average biomass
productivities and the pond volume (3.0x10° m®) and considering the average evaporation
rate reported in Section 3.14 (0.075 m month™®), the input stream of water and nutrients (So;)
required for microalgal growth on a daily basis corresponds to 3.5x10* m® d* (in the base
scenario). This water input is obtained from domestic wastewater (Syyy, 2.4x10* m3 d),
from water recycling (Sywg, 1.1x10* m® day™) and from water resulting from the anaerobic
digestion step (Sap, 62 m* d1). Flow rates of the recycling water (Syg) can be regulated to

avoid excessive dilution of the cultures in rainy days. Assuming that biomass concentration
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Table 4.29. Mass balance to the flow streams involved in the process determined for each of the studied
scenarios (Sc)

Streams Scl Sc2 Sc3 Sc4 Sc5 Sc6  Sc7
So1 - Water input in the cultivation step (x10* m® d?) 35 19 52 35 35 35 35
So2 - biomass flow rate after the cultivation step? (x10*m3d?') 3.3 16 49 33 33 33 33

Sos - biomass flow rate after the pre-concentration step

82 41 12 82 82 82 82

(x10° m3 d)
So4 - biomass flow rate after the centrifugation step (m®*d') 78 39 117 78 78 78 78
Sos - extracted lipids flow rate (m® d) 34 17 51 27 41 34 34

Soe - biomass flow rate after the lipids extraction step (m®d?) 75 37 112 75 74 75 75
So7 - biogas flow rate after the anaerobic digestionstep (td?) 66 33 10 6.9 63 44 89

Sog - flow rate of the residue produced in the anaerobic

digestion step (t d%) 70 35 11 73 66 89 51

Sgv - water flow rate required to compensate for evaporation 25 25 25 25 25 25 25

(%103 m3 dh)
?:%,4 ;n3\/\é§f)tewater flow rate required to feed the culture 24 062 52 24 24 24 24
?X%A-nzgcg(l:)lmg water flow rate required to feed the culture 11 13 0 11 11 11 11

Sap - anaerobic digestion effluent flow rate required to feed

the culture (m3 d) 62 31 93 62 62 62 62

@ Biomass flow rate after the cultivation step was determined considering annual average biomass
productivities and assuming a final biomass concentration of 0.5 g L (Jiménez et al., 2003; Norsker et al.,
2011).

achieved during the cultivation step is 0.5 g L™ (value achieved in this study when culturing
C. vulgaris in a raceway pond under solar light conditions, Section 4.6.3), biomass flow rate
after the cultivation step (So;) is, in the base scenario, 3.3x10* m® dX. Input and output

streams of microalgal production in the studied scenarios are summarized in Table 4.29.

As it was previously referred, domestic wastewater will be used as culture medium.
Wastewater will provide nutrients, such as nitrogen and phosphorus, to microalgae. On the
other hand, CO: resulting from the thermoelectric power plant and refinery processes will
be supplied to the cultures. Taking into account the annual average biomass productivities
and the typical molecular formula described for microalgae, COo.48H1.83No.11Po.01 (Chisti,
2007), theoretical nitrogen, phosphorus and carbon removal rates were estimated. For these
determinations, it was assumed that all nitrogen, phosphorus and carbon removed from the
wastewater or from the flue gas were incorporated into microalgal biomass. Although the
typical molecular formula of microalgal biomass was not determined for C. vulgaris, it has

already been applied by several authors to determine C, N and P removal rates by microalgae
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from the genus Chlorella (Gouveia, 2011; Wang and Lan, 2010). Considering the base
scenario, nitrogen, phosphorus and carbon removal rates are 1.1, 0.22 and 8.4 g m2 d. With
these values, minimum concentrations of these nutrients required in the feed stream were
determined. Accordingly, for the same scenario, minimum nitrogen and phosphorus
concentrations in the feed stream are 31 and 6.2 mg L, respectively, whereas CO,
requirements correspond to 39 t d*. Table 4.30 presents average removal rates determined
for nitrogen, phosphorus and carbon in the studied scenarios, as well as minimum required

concentrations of these nutrients.

The proposed harvesting techniques for this study include a pre-concentration step through
flocculation followed by centrifugation, where biomass concentration achieved was assumed
to be 200 g L (Davis et al., 2011; Williams and Laurens, 2010). The use of a pre-
concentration step aims the reduction of the flow rate to be processed in the centrifugation
step, which may result in significant savings in terms of energy. In the pre-concentration
step, flocculation may be induced by the addition of NaOH as flocculant. The amount of
flocculant used was assumed to be 9 mg g of biomass, as reported by Vandamme (2013).
In the last step, a harvesting efficiency of 95% was also assumed. Harvesting efficiencies
higher than 94% were obtained in different studies, when applying centrifugation for the
harvesting of microalgal biomass (Barros et al., 2015; Molina Grima et al., 2003). With this
harvesting efficiency and the average biomass productivities, the flow rate of the output
stream from the centrifugation step (S,4) corresponds to 78 m?® d! (in the base scenario).
Knowing the initial composition of the domestic wastewater, as well as elemental
composition of microalgae and total biomass collected per harvesting, it is possible to

determine effluent composition. Considering that all nitrogen and phosphorus removed from

Table 4.30. Average removal rates of nitrogen (Ry, in g m?2 d1), phosphorus (Rp, in g m? d*) and carbon
(R¢, in g m2d?) and minimum concentrations ([N], [P] and [C], in mg L or t d?) required for microalgal
cultivation in each of the studied scenarios (Sc)

Nutrients loads and removal rates Scl  Sc2 Sc3 Sc4  Scb Sc6  Sc7
Ry (@ m2d?) 1.1 054 16 1.1 1.1 1.1 1.1
[N] (mg L) 31 15 46 31 31 31 31
Rp (g m2d?) 022 011 033 022 022 022 022
[P] (mg L™ 6.2 3.1 9.2 6.2 6.2 6.2 6.2
Rc (@m2d?) 8.4 4.2 13 8.4 8.4 8.4 8.4
[C] (td?) 39 19 58 39 39 39 39
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wastewater is incorporated into microalgal biomass, effluent composition in nitrogen and
phosphorus (for the studied scenarios) range between 3.2-5.3 and 0.57-1.0 mg L*,
respectively. Nitrogen and phosphorus concentrations in the resulting effluent are lower than
the limits established by EU legislation for effluents’ discharge (Directive 1991/271/EEC,
1991; Directive 1998/15/EC, 1998), which means that the proposed process promotes the

efficient treatment of domestic wastewaters.

For cell disruption, PEF technology was proposed. It is a non-thermal method usually
applied in food processing applications for inactivation of microbes, helping to maintain the
food quality for human consumption (Guderjan et al., 2005; Taher et al., 2011). This
technique uses short and high voltage pulses, which induce the non-thermal permeabilization
of cell membranes and, in determined conditions, the complete disruption of cells into
fragments. It is a rapid (treatment time is less than a second), flexible and energy-efficient
method (heat is minimized) that avoids the use of organic solvents, usually toxic, thus not
affecting the biochemical composition of microalgal biomass (Flisar et al., 2014; Guderjan
et al., 2007; Guderjan et al., 2005). Regarding microalgal products, PEF is considered to
have high potential for the extraction of different compounds, due to the low energy
consumption, easy scale-up and low operational costs. This extraction method does not use
any toxic extraction solvent (not requiring a solvent recovery step) and is highly effective
when directly applied to wet feedstocks (Halim et al., 2012; Joannes et al., 2015; Taher et
al., 2011). PEF has already been applied in lipids extraction from C. vulgaris (Flisar et al.,
2014; Foltz, 2012; Luengo et al., 2014). It was considered a clean, cheap and quick extraction
process, being a promising method for the production of biodiesel and pharmaceutical and
dietary products. Considering the base scenario, presenting a PEF efficiency of 75%
(Joannes et al., 2015), total microalgal oil extracted, with a density of 0.86 kg L*
(Schlagermann et al., 2012), corresponds to 3.4 m® d!. For the other studied PEF
efficiencies, 60 (scenario 4) and 90% (scenario 5), total lipids extracted are 2.7 and
5.1 m® d?l, respectively. For the base scenario, biodiesel production through
transesterification of the extracted lipids results in a biodiesel productivity of 3.0 t d*
(3.47 m*d?).

Biomass resulting from the oil extraction step (75 m® d! in the base scenario) is subjected to
anaerobic digestion followed by electricity production. In this step different process

efficiencies were evaluated (45, 30 and 60%). Taking into account the elemental
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composition of microalgal biomass after lipids extraction and considering that CH4 and CO»
fractions in the biogas are 60 and 40% (v/v), respectively (typical composition of the biogas
consists of 55-70% (v/v) CH4 and 30-45% (v/v) CO: (Sialve et al., 2009)), resulting biogas
stream in the base scenario has the following composition: 2.3 t d* of CH4 and 4.3 t d*! of
CO.. Additionally, a residue rich in nitrogen and phosphorus is produced (approximately
7.0 t d in the base scenario). Due to its high content in nitrogen, this residue can then be

used as fertilizer.

Based on the results described in Section 4.3, the use of a CO. concentration of about
5% (v/v) was proposed, which has shown to be optimal for C. vulgaris growth. Taking into
account the results obtained in this study, it is expected a slight decrease in the pH of the
culture to about 6.5, which will not be harmful for microalgae. During this process different
CO. streams are involved. Since CO2 will be mainly supplied from the flue gas of a
thermoelectric power plant working with natural gas, it is expected that this flue gas presents
residual sulphite and nitrite concentrations. Accordingly, there is no need of a purification
step prior to addition in the ponds. Considering a CO2 uptake efficiency of 80%, net CO>
balances were determined for the studied scenarios (Table 4.31). These results have shown
negative values in all the scenarios (net CO2 balances range between -30 and -10 t d*t), which
means that the proposed process is a net zero emission process able to efficiently uptake CO>
from the flue gases of a thermoelectric power plant. Comparing the studied scenarios, it is
possible to conclude that the most effective in CO> uptake is the scenario 3, the one assuming
the highest photosynthetic efficiency (3%). In this scenario, annual CO> uptake corresponds
to 1.1x10% t.

4.7.2. Energy balance

Figure 4.19 shows the electrical requirements determined for the microalgal facility in each
of the studied scenarios. In the cultivation step, energy is required in three different stages:
(1) mixing; (ii) water pumping; and (iii) blowers for flue gas. Considering a mixing velocity
of 0.23 m s and all the head losses occurring in the open ponds (corresponding to head
losses around the bends, 0.010 m, through the sumps, 0.026 m, and down the straightaways,
0.11 m), it is possible to determine the power required to overcome all these head losses.
Assuming 25 similar open ponds operating at the same time, energy required daily can be
determined. Therefore, assuming a 12:12 light:dark ratio, the total energy required for
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Table 4.31. Net CO; balance determined for each of the studied scenarios (Sc)

COz streams Scl Sc2 Sc3 Sc4d  Sc5  Sc6  Sc7
CO; required for microalgal growth (t d1) 39 19 58 39 39 39 39

CO; resulting from the anaerobic digestion step (t d2) 43 21 64 45 41 29 57
CO resulting from CHP generation (t d%) 64 32 97 67 61 43 86
Net CO2 balance (t d?) 20 -10 -30 -20 -21 -24 -17

CHP - Combined heat and power.
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Figure 4.19. Electrical requirements determined for different steps of the microalgal facility in each of the
studied scenarios.

mixing corresponds to 4.4x10% kWh d*. Energy needed in water pumping is calculated based
on the flow rate of the input (S,;). Pump and motor efficiencies of 88 and 83% were
assumed (Lundquist et al., 2010). Therefore, for the base scenario, a water input of
3.5x10* m® d* corresponds to an energy input of 1.4x10% kwWh d*. Energy required for CO;
distribution was determined based on the CO. requirements for each studied scenario (Table
4.31), assuming a CO> concentration in the flue gas of 5% (v/v). Additionally, air blower
efficiency was considered to be 77% (The Engineering Toolbox, 2015). Accordingly, the
energy consumption associated to the air blowers was 4.4x10? kWh d* for the base scenario.

Energy consumption in biomass harvesting corresponds to the energy required for
centrifugation. Accordingly, this value was determined taking into account the flow rate
resulting from the pre-concentration step (So3) and the specific energy consumption,

1.2 kWh m3, already reported for microalgal harvesting through centrifugation (Tredici et

146



Results and discussion

al., 2015). For the base scenario, the harvesting step presents a power consumption of
9.8x10° kWh d2.

Regarding cell disruption and lipids extraction through the continuous PEF method, energy
required was determined assuming the specific energy consumption reported by Flisar et al.
(2014). According to the authors, the energy required to process 1 L of culture broth for 1 h
is 14.4 kJ, which corresponds to 4.0 kwh m™. Taking into account the flow rates to be
processed in this unit (Sy,) for each scenario, energy consumption for this step was

determined. For the base scenario, an energy input of 7.5x10% kWh d is required.

Although energy is required in several processes, in the CHP generation unit there is an
energetic output composed by electrical (40% of the total energy) and thermal energy (45%
of the total energy) (Zamalloa et al., 2011). Assuming that the biogas produced by anaerobic
digestion of microalgae presents a chemical composition similar to the one obtained from
household waste, inferior and superior calorific power correspond to 6.0 and 6.6 kWh m,
respectively (Naskeo Environnement, 2009). With the flow rates resulting from the
anaerobic digestion process (S,;) for each scenario and considering an average value
between inferior and superior calorific power, values for electrical and thermal energy
produced were determined. Considering the base scenario, total electrical and thermal energy
produced is 1.4x10* and 1.6x10* kWh d!, respectively.

Analysing the ratio between the energy produced by the microalgal facility (corresponding
to the energy obtained from the extracted lipids and the one obtained in the CHP generation
unit) and the total energy required, the EROEI was determined (Table 4.32). For all studied
scenarios, EROEI was higher than one, which means that the studied scenarios are
energetically efficient. With an EROEI of 3.0, the scenario 7, which assumes an anaerobic

digestion efficiency of 60%, is the most efficient in terms of energy.

4.7.3. Economic assessment

This section presents a detailed economic analysis of the proposed system of wastewater

treatment and energy production (electricity and biofuels) using microalgae.

Regarding fixed capital, acquisition costs were determined for almost all the equipment
required in this process: high rate ponds, air blowers, clarifier, centrifuge, decanter, digester
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Table 4.32. Net energy balance determined for each of the studied scenarios (Sc)

Energetic streams Scl  Sc2 Sc3 Sc4 Scd5  Scb6  Sct
Energy required in microalgal cultivation (x10°kwhd?') 62 53 70 62 62 62 6.2
Energy required in microalgal harvesting (x10°kwhd?) 98 49 15 98 98 98 98

Energy required in cell disruption and lipids extraction
(x10% kwh db)

Energy obtained from the extracted lipids (x10*kwWhd?) 30 15 46 24 36 30 3.0
Electrical energy produced in the CHP generation unit

75 37 11 75 75 75 15

14 069 21 14 13 092 18

(x10* kWh d?)

Thermal energy produced in the CHP generation unit

(x10* KWh d)) 16 077 23 16 15 10 21
EROEI 25 21 27 23 27 21 30

CHP - Combined heat and power; EROEI - energy returned on energy invested.

and CHP generation unit (Table 4.33). For the studied scenarios, total acquisition costs
determined ranged between 5.7 and 6.3 million euros. This value was obtained assuming that
the estimated costs account for 90% of total purchase costs. Including the cost factors
associated to the direct and indirect costs in the calculus of fixed capital results in a total
capital investment between 14.4 and 15.8 million euros (Table 4.34). For the studied scenarios,
this value is mainly influenced by the expenses associated to the acquisition costs, followed by
those associated to engineering and supervision, equipment installation, piping and service
facilities.

Annual production costs are presented in detail in Table 4.35. In this case-study, it was
assumed that raw materials costs were negligible because all the process requirements can
be found in the local site of the facility: nutrients are supplied in the domestic wastewater
that is daily fed into the algal ponds and CO- is obtained from flue gas emissions from the
thermoelectric power plant located in Sines and from the anaerobic digestion and CHP
generation processes. Regarding the utilities, electrical energy was considered the most
important one. According to the energetic balance, total energy required oscillates between
the studied scenarios, being 2.3x10* kWh d! in the base scenario. Considering electricity
costs of 0.10 € kwh™ (Peters and Timmerhaus, 1991), total annual costs for utilities are, for
the base scenario, 857 thousand euros. Assuming NaOH requirements of 9 mg g* of biomass
and NaOH costs of 0.682 USD kg (OrbiChem, 2013), the costs associated to the pre-
concentration step were determined. Production costs for PEF extraction were determined

assuming lipids extraction costs of 10 € t* (Pulsemaster, 2016). Operating labour costs were
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Table 4.33. Total purchase costs (in k€) of the major equipment determined for each of the studied scenarios
(Sc)

Equipments Scl Sc2 Sc3 Scd Sc5 Sc6 Sc7
High rate ponds® 3,479 3479 3,479 3479 3479 3,479 3479
Air blowers® 123 62 185 123 123 123 123
Clarifier® 325 163 488 325 325 325 325
Centrifuge® 14 14 14 14 14 14 14
Decanter® 44 44 89 44 44 44 44
Digester and CHP generation unit' 1,399 1399 1399 1,399 1,399 1,399 1,399
Total 5,753 5530 6,023 5753 5753 5753 5,753
Total purchase costs 5983 5734 6,281 5983 5983 5983 5,983

2 34,000 USD per ha (2009), including the costs associated to paddlewheels and liners (Davis et al., 2011);
2,500 € per 200 m® h* (2012) (Acién et al., 2012); 948,000 USD per 23,200 m? (2010) (Lundquist et al.,
2010); 94,500 USD per ha (1996) (Benemann and Oswald, 1996); ¢ 45,000 € per 4 m® h'! (2012) (Acién et
al., 2012); 710,000 USD per ha (1996) (Benemann and Oswald, 1996); CHP - combined heat and power.

Table 4.34. Estimation of the total capital (fixed capital) cost (in k€) for each of the studied scenarios (Sc)

Costs Factor? Scl Sc2 Sc3 Scd Sc5 Sc6 Sc7
Direct costs

Total purchase costs 1.00 5083 5734 6,281 5983 5983 50983 5,983
Purchased equipment installation  0.20 1,197 1,147 1,256 1,197 1,197 1,197 1,197
Instrumentation and control 0.15 897 860 942 897 897 897 897
Piping 0.20 1,197 1,147 1,256 1,197 1,197 1,197 1,197
Electrical 0.10 598 573 628 598 598 598 598
Buildings 0.15 897 860 942 897 897 897 897
Yard improvements 0.05 299 287 314 299 299 299 299
Service facilities 0.20 1,197 1,147 1,256 1,197 1,197 1,197 1,197
Indirect costs

Engineering and supervision 0.30 1,795 1,720 1,884 1,795 1,795 1,795 1,795
Construction expenses 0.05 299 287 314 299 299 299 299
Contractor’s fee 0.03 179 172 188 179 179 179 179
Contingency 0.08 479 459 502 479 479 479 479
Total capital cost 15,017 14,391 15,765 15,017 15,017 15,017 15,017

aFraction of the total purchased costs (Acién et al., 2012).

calculated assuming 10 operators with an average salary per month of 1000 €. The other
parameters were determined basing on the percentages proposed by Sinnott and Towler
(2009) and showed in Table 4.35. Resulting annual production costs are, for the base

scenario, approximately 3.0 million euros.
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Table 4.35. Estimation of the annual production costs (in k€) for each of the studied scenarios (Sc)

Costs Scl Sc2 Sc3 Sc4 Sch Sc6 Sc7
Variable costs

Raw materials 0 0 0 0 0 0 0
Miscellaneous materials® 75 74 77 75 75 75 75
Utilities 857 510 1,205 857 857 857 857
Pre-concentration with NaOH 35 17 52 35 35 35 35
PEF extraction 11 5 16 9 13 11 11
Shipping and packaging® 0 0 0 0 0 0 0
Fixed costs

Maintenance® 751 738 766 751 751 751 751
Operating labour 120 120 120 120 120 120 120
Laboratory costs 24 24 24 24 24 24 24
Supervisiond 24 24 24 24 24 24 24
Plant overheads® 60 60 60 60 60 60 60
Insurancef 150 148 153 150 150 150 150
Local taxes? 300 295 306 300 300 300 300
Royalties’ 150 148 153 150 150 150 150
Annual production costs 2557 2,164 2956 2555 2559 2,557 2,557

210% of the maintenance costs; ® usually negligible; ¢ 5% of the total fixed capital; ¢ 20% of the operating
labour costs; ¢50% of the operating labour costs; f1% of the total fixed capital; 92% of the total fixed capital;
PEF - pulsed electric field.

Although the major aims of this process are the production of lipids and energy (both
electrical and thermal), credits from wastewater treatment, CO, capture and from the

production of a nitrogen-rich residue that can be used as fertilizer should also be considered.

Therefore, considering lipids sales of 1 € kg%, electricity and steam sales of 0.10 € kwh
(Peters and Timmerhaus, 1991), a credit of 3.50 € kg™ of nitrogen removed and 2.40 € kg™
of phosphorus removed (Zamalloa et al., 2011), a credit of 30 € t X of CO; captured (Declercq
et al., 2011) and an income from fertilizers sales of 0.40 € kg™* (Acién et al., 2012), total
annual revenues for the studied scenarios oscillate between 2.5 and 7.4 million euro (Figure
4.20), being the best scenario, the one assuming a photosynthetic efficiency of 3% (scenario
3), and the worst, the one considering a photosynthetic efficiency of 1% (scenario 2). The

other studied scenarios have shown similar annual revenues of about 5.0 million euros.

Regarding economic viability, NPV and IRR were determined for the process here
described, assuming a 10% interest rate and a 30-year bond to fund the facility construction

(Table 4.36). According to these values, it is possible to state that the project is economically
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Figure 4.20. Annual revenues obtained in each of the studied scenarios.

Table 4.36. Economic viability of the proposed project for each of the studied scenarios (Sc)

Economic viability parameters Scl Sc2 Sc3 Sc4 Sch Sc6 Sc7
Interest rate (%) 10 10 10 10 10 10 10
Lifetime (yr) 30 30 30 30 30 30 30
Net present value (k€) 5287 -2,124 22,609 4,267 6,307 4,940 5,634
Internal rate of return (%) 14 n.a. 26 13 15 14 14
Payback time (yr) 8 n.a. 4 8 7 8 8

n.a. - Not applicable.

viable for all the studied scenarios, except in the scenario 2. According to Table 4.36, all
studied scenarios except scenario 2 presented a positive NPV, ranging between 4.3 and 22.6
million euros. However, the best scenario is the third one, the one assuming a photosynthetic
efficiency of 3%, since the IRR determined for this scenario (26%) is much higher than the
assumed interest rate. Additionally, a payback time of about 4 years was determined for this
scenario, whereas for the other studied scenarios payback times determined range between
7 and 8 years. These results indicate that at the end of the 30-year bond term, this project

would be fully amortized and debt-free for all studied scenarios, except scenario 2.

Taking into account the NPV obtained in each of the studied scenarios, a sensitivity analysis
was performed to evaluate which are the crucial conditions for an economically viable

process (Figure 4.21). Analysis of Figure 4.21 shows that photosynthetic efficiency is the
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Figure 4.21. Sensitivity analysis of the process considering the different studied scenarios.

most important factor influencing NPV: for photosynthetic efficiencies ranging between 1
and 3%, NPV oscillates between -12.1 and 22.6 million euros.
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5. Concluding remarks and future work

5.1. General conclusions

The aim of this work was to develop a microalgal production system able to achieve
increased biomass productivities and effectively uptake CO2 and nutrients from the culture
medium. To achieve these goals, different microalgae and cyanobacteria were selected:
C. vulgaris, P. subcapitata, S. salina and M. aeruginosa. Additionally, different approaches

were followed.

In a first approach, different cultivation parameters (light, temperature and CO;
concentration in the air stream) were evaluated to determine optimal growth conditions for
the selected microorganisms. Regarding the effect of light supply on microalgal cultures,
higher light irradiance values and light periods resulted in higher average biomass
productivities and CO> uptake rates. Furthermore, results have shown that C. vulgaris,
S. salina and M. aeruginosa presented the highest average biomass productivities and CO-
uptake rates: average biomass productivities determined for these microorganisms ranged
between 107+5 and 133+13 mg DW L™ d1, whereas CO- uptake rates ranged between 162+8
and 195+19 mg CO; L d%. In terms of nitrogen removal efficiencies, all microalgal strains
showed high removal efficiencies, close to 100%, especially when cultured under higher
light irradiance values and light:dark ratios. Phosphorus removal increased with light
irradiance and with light:dark ratio. The highest removal efficiency, 67.6+7.1%, was
achieved by the microalga C. vulgaris. The study of the combined effect of light and
temperature on microalgal growth, CO capture and nutrients removal has shown that these
processes are favoured by increased light supplies. Additionally, it was observed that the
studied microorganisms presented higher photosynthetic activity (higher biomass
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productivities, CO> uptake rates and nitrogen and phosphorus removal efficiencies) at 25 °C.
Among the studied microorganisms, C. vulgaris, S. salina and M. aeruginosa have shown
to be the most effective in biomass production. Development of a mathematical model able
to describe the behaviour of specific growth rates in response to average daily light irradiance
and temperature allowed the determination of optimal light and temperature conditions for
the selected microorganisms. Regarding temperature, the optimal value determined was
25.31£1.1 °C. On the other hand, optimal average daily light irradiance varied with the
species, being 208, 258, 178 and 140 pE m s for C. vulgaris, P. subcapitata, S. salina and
M. aeruginosa, respectively. Another parameter evaluated in this work was CO:
concentration in the air stream. For this, microalgal cultures were aerated with an air stream
presenting CO> concentrations ranging from the one commonly present in atmospheric air
(=0.04% v/v) to 10% (v/v). The results have shown that P. subcapitata presented the lowest
growth and nutrients removal kinetics, as well as the lowest CO> fixation rates. Regarding
the other studied microorganisms, increasing CO2 concentrations up to 5% (v/v) has resulted
in increased specific growth rates, followed by a decrease observed for higher CO;
concentrations. This behaviour was correctly described by a mathematical model developed
in this study. With this model, optimal CO> concentrations were determined: 5.35, 4.87, 5.55
and 5.62% (v/v) for C. vulgaris, P. subcapitata, S. salina and M. aeruginosa, respectively.
Average biomass productivities and CO> fixation rates have shown a similar behaviour to
the one reported for specific growth rates, with minimum values determined for cultures
grown with non-enriched air streams. Nitrogen and phosphorus removal efficiencies were
also higher in cultures performed with CO.-enriched air streams, reaching values very close
to 100%.

In a second approach, different consortia were established to evaluate their potential in
biomass production, CO- capture and nutrients removal. Microalgal and microalgal-bacterial
consortia were evaluated. In the study regarding microalgal consortia, dual-species cultures
constituted by the above referred microorganisms (C. vulgaris, P. subcapitata, S. salina and
M. aeruginosa) were performed. This study has demonstrated that microalgal consortia
constituted by S. salina have favoured microalgal growth, CO. uptake rates and nutrients
uptake. Average biomass productivities determined for the consortia SC, SP and SM were
51, 35 and 41% higher than those determined for the single cultures of C. vulgaris
(47.0+3.1 mg DW L d1), P. subcapitata (41.2+9.2 mg DW L* d?) and M. aeruginosa
(49.9+3.1 mg DW Lt d), respectively. Higher CO, uptake rates were also obtained for the
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referred consortia (between 111+7 and 150413 mg CO; L* d1). Additionally, the three
studied consortia have effectively removed nitrogen and phosphorus from the culture
medium, reaching the limit concentrations established by EU legislation. The study
involving microalgal-bacterial consortia was performed using dual-species cultures of
C. vulgaris and activated sludge native bacteria. This work has shown that consortia of
C. wvulgaris with selected bacterial isolates from a MWTP resulted in a synergistic
relationship between these microorganisms, increasing biomass production and nutrients
removal. After seven days of culturing, cell concentration of C. vulgaris in the CE and CR
consortia was, respectively, 58 and 42% higher than the one determined for the single
C. vulgaris culture: (8.27+0.79)x10° cells mL™. The CE and CR consortia were also
effective in CO> capture, reaching CO> wuptake rates of 63.843.2 and
52.9#5.1 mg CO, L* d?, respectively. Additionally, the three studied consortia have
contributed to the increase observed in nutrients (nitrogen, phosphorus and organic carbon)
uptake rates, resulting in a significant reduction in the time required for the achievement of
EU legislation limits. In the studied consortia, the time required by the single C. vulgaris
culture to achieve the established limits was reduced to, at least, half of its value. Therefore,
it can be concluded that the studied consortia (CE, CK and CR) can be a promising

alternative in wastewater polishing.

The scale-up of microalgal cultures was performed in a 60-L open raceway pond. The single
C. vulgaris culture and the SC and CE consortia were cultured in indoor and outdoor
conditions. The comparison between these three systems was performed indoor, under an
average daily light irradiance of 23+2 pE m2 s, Biomass productivities and nutrients
removal efficiencies were very low. However, C. vulgaris growth in this system, but with
natural light conditions, has confirmed the potential of this microalga for biomass
production, CO> uptake and nitrogen and phosphorus removal from the culture medium.
Average biomass productivity determined for C. vulgaris grown with an average daily light
irradiance of 204 pE m? st was 29.1+0.4 mg DW L d?, whereas average biomass
productivity determined for C. vulgaris grown indoor was 18.0+2.0 mg DW L* d.
Similarly, CO; uptake rates determined for this microalga with an average daily light
irradiance of 204 uE m s was 46.6+0.6 mg CO2 L™ d*!, whereas the same value determined
for C. vulgaris grown indoor was 29.2+3.3 mg CO, L d%. Finally, C. vulgaris growth in
outdoor conditions allowed the achievement of the limits established by EU legislation for

nitrogen and phosphorus concentrations in discharged effluents.
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Taking into account the preliminary results obtained using the open raceway pond in outdoor
conditions and the results obtained in the experiments conducted at laboratory-scale, a TEA
of microalgal biomass production with CO> capture and nutrients removal from wastewaters
was performed. This assessment has resulted in the proposal of an economically viable
process of microalgal production in Portugal concerning wastewater treatment, CO>
emission saving and bioenergy production purposes. For this process, seven scenarios were
considered, assuming different efficiencies in some of the most important steps of microalgal
processing. From the considered scenarios, six were economically viable. From those, the
one assuming a photosynthetic efficiency of 3%, a lipids extraction efficiency of 75% and
an anaerobic digestion efficiency of 45% (scenario 3) was considered the most effective one
in terms of: (i) CO, uptake (1.1x10* t yr't); (ii) energy production (annual energy produced
was 1.6x10° kWh and annual lipids productivity was 1.9x10° m®); and (iii) economic
viability (NPV of 22.6 million euros with an IRR of 26% and a payback time of 4 years). In
addition, since this project assume the use of domestic wastewater as culture medium, this
scenario is also effective in nitrogen and phosphorus removal, processing 1.9x10” m? of

wastewater per year.

In summary, this work proposes a microalgal production system for biomass production,
CO; uptake and nutrients removal from the culture medium. From the obtained results, the
best candidates for these applications include C. vulgaris, S. salina and M. aeruginosa. The
microalgal consortium SC and the microalgal-bacterial consortium CE have also
demonstrated to be attractive alternatives for these purposes. Taking into account the most
appropriate cultivation conditions, the results have shown that (i) optimal average daily light
irradiance for these microorganisms ranges between 140 and 208 uE m? s?; optimal
temperature corresponds to 25.3+1.1 °C; and (iii) optimal CO2 concentration in the air stream
ranges between 5.35 and 5.62% (v/v). To increase the applicability of this system to a pilot-
scale unit, an open raceway pond was selected because of its simplicity and reduced
operational costs. Finally, these assumptions have resulted in the development of an
economically viable project of microalgal biomass production for CO> capture, nutrients

uptake and bioenergy production.
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5.3. Future work

This study has demonstrated the huge potential of microalgae (in single and dual-species
cultures) in CO> capture and nutrients removal from the culture medium. Optimal growth
conditions (in terms of light supply, temperature and CO2 concentration in the air stream)
were determined at laboratory-scale. Additionally, microalgal and microalgal-bacterial
consortia have been proposed as effective remediation systems. Although promising results
were obtained in this study, their validation in a larger scale would be very important to

confirm the suitability of the proposed systems in CO2 capture and nutrients removal.

Regarding the use of the open raceway pond, a semi-continuous operation mode should be
adopted to promote the harvesting of microalgal biomass and the recirculation of the culture
medium, so that a complete nutrients removal can be achieved. More experiments in outdoor
conditions and in different seasons of the year should be performed using both single cultures
and the most effective consortia. These results would be interesting to evaluate if the
proposed systems are robust enough to accomplish the remediation goals under real
environmental conditions. Additionally, to validate the results obtained through
mathematical modelling, it would be interesting to conduct the experiments in the open

raceway reactor in the optimal growth conditions determined.

Besides the operation under real environmental conditions, the use of real liquid and gaseous
effluents should be evaluated to infer about their toxicity to microalgal cultures and to
optimize the operation mode, hydraulic residence times and the optimal cultivation

conditions required for an effective uptake of CO2 and nutrients.

Finally, different PBR designs should be simulated using mechanistic/hybrid models and
Computational Fluid Dynamics (CFD) tools. These models can be very useful in the
optimization of process conditions and operating strategies during process development.
CFD has been frequently applied to study the flow dynamics, the concentration of species,
temperature and pressure inside PBRs, providing the rapid determination of critical zones
(regions that have adverse conditions for microalgal growth). Additionally, CFD tools
should be used to study the light and gas distribution in PBRs, important challenges in PBR

design.
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Annex I

S. salina P. subcapitata C. vulgaris

M. aeruginosa

Figure 1.1. Linear regression between OD (750nm) and cell concentrations (N, in cells mL™?) and between
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Table I.1. Values of temperature, average daily light irradiance and specific growth rate used to determine
optimal light and temperature conditions for C. vulgaris, P. subcapitata, S. salina and M. aeruginosa through
mathematical modelling

T I p(d?)
o 2ol - : . - Reference
(°C)  (MEm?s?) C.vulgaris P.subcapitata  S.salina M. aeruginosa
15 15 0.142 0.099 0.126 0.203 This study
36 0.328 0.256 0.119 0.160 This study
75 0.170 0.246 0.133 0.294 This study
180 0.357 0.601 0.438 0.486 This study
25 15 0.267 0.230 0.214 0.296 This study
) i i (Pires et al.,
15 0.201 2014)
i i i (Pires et al.,
21 0.544 2014)
21 0.456 0.370 0.327 0.401 This study
25 0.400 0.441 0.430 0.415 This study
i i (Pires et al.,
30 0.387 0.324 2014)
35 0.875 0.775 0.700 0.702 This study
i i i (Pires et al.,
36 0.425 2014)
36 0.704 0.321 - - This study
i i (Pires et al.,
40 0.367 0.324 2014)
) i i (Pires et al.,
42 0.465 2014)
i i i (Li et al,
50 0.479 2011b)
50 0.495 0.487 0.344 0.435 This study
i i (Pires et al.,
53 0.469 0.354 2014)
i i (Pires et al.,
56 0.659 0.635 2014)
60 0.868 0.976 0.932 0.810 This study
70 0.751 0.672 0.729 0.653 This study
i i (Pires et al.,
72 ) 0.417 2014)
74 i i (Pires et al.,
0.485 0.543 2014)
75 0.528 - 0.517 0.521 This study
i i i (Pires et al.,
96 0.738 2014)
105 1.11 0.990 - - This study
120 - - 1.13 1.03 This study

T - temperature (in °C); I - average daily light irradiance (in uE m? s2); u - specific growth rate (in d1).
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Table 1.1. (Continued)

T I p(dh)
o 2ol - - X - Reference
(°C)  (MEm?s?) C.vulgaris P.subcapitata  S. salina M. aeruginosa
i i i (Pires et al.,
25 126 0.421 2014)
i i i (Yeh et al.,
138 1.30 2010)
180 - 1.14 1.14 1.01 This study
i i i (Yeh et al.,
193 1.10 2010)
35 15 0.0666 0.0188 0.140 0.185 This study
36 0.193 0.0616 0.308 0.332 This study
75 0.424 0.577 0.392 0.307 This study
180 0.745 0.572 0.596 0.528 This study

T - temperature (in °C); I - average daily light irradiance (in uE m2 s2); u - specific growth rate (in d1).
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Figure 1.2. Calibration curve of absorbance measured at 220 nm as a function of NaNOjs concentration (in

mg L.
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Figure 1.3. Calibration curve of absorbance measured at 820 nm as a function of KH,PO4 concentration (in
mg L1).
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Table 111.1. Regression coefficients () considered statistically significant determined through multiple
linear regression to evaluate the response of nitrogen and phosphorus mass fractions to different light and
temperature conditions

Parameter  Microorganisms B, B4 B2 B3 Bs Bs
ay C. wulgaris 0.0425 -0.0155 na. n.a. n.a. n.a.
P. subcapitata 0.0459 n.a. n.a. n.a. n.a. n.a.
S. salina 0.0476 -0.0234  na. n.a. n.a. n.a.
M. aeruginosa 0.0490 -0.0378 -0.0405 n.a. n.a. 0.0482
op C. vulgaris 0.00991 -0.0361 na. 0.0371 n.a. -0.00328
P. subcapitata 0.00853  -0.00639 -0.00973 n.a. n.a. 0.0111
S. salina 0.00982 -0.0295 n.a. 0.0306 n.a. n.a.
M. aeruginosa 0.00978  -0.0365 n.a. 0.0371 n.a. n.a.

ay — hitrogen mass fraction (in % w/w); ap — phosphorus mass fraction (in % w/w); n.a. - not applicable
(p>0.05).

Table 111.2. Values of temperature, average daily light irradiance and specific growth rate used to validate
the models determined for C. vulgaris, P. subcapitata, S. salina and M. aeruginosa (validation data set)

T I p(d?)
o 2ol - : 5 - Reference
(°C) (HREm*s™) C.vulgaris P. subcapitata  S. salina M. aeruginosa
15 21 0.131 0.245 0.311 0.375 This study
105 0.313 0.453 0.165 0.275 This study
i i i (Pires et al.,
25 15 0.267 2014)
i i i (Piresetal.,
21 0.516 2014)
i i i (Pires et al.,
36 0.662 2014)
36 - - 0.620 0.560 This study
i i i (Piresetal.,
42 0.428 2014)
i i i (Piresetal.,
72 0.523 2014)
(Piresetal.,
75 - 0.668 - - 2014)his
study
i i i (Pires et al.,
96 0.496 2014)
105 - - 0.918 0.857 This study
120 1.17 1.13 - - This study
180 1.19 - - - This study
35 21 0.0799 0.0475 0.220 0.226 This study
105 0.769 0.558 0.392 0.857 This study

T - temperature (in °C); I - average daily light irradiance (in uE m™ s1); u - specific growth rate (in d?).
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Figure IV.1. Growth curves obtained for C. vulgaris (A), P. subcapitata (B), S. salina (C) and M. aeruginosa
(D) grown with different CO, concentrations in the air stream. Error bars correspond to the standard deviation
of the mean determined for two independent experiments.
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Figure 1VV.2. Time-course evolution of pH in the culture medium for C. vulgaris (A), P. subcapitata (B),
S. salina (C) and M. aeruginosa (D) cultures grown with different CO, concentrations in the air stream. Error
bars correspond to the standard deviation of the mean determined for two independent experiments.
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Figure V.1. Growth curves obtained for single and dual-species cultures of microalgae. Error bars

correspond to the standard deviation of the mean determined for four independent experiments.
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Annexes

Table V.2. Average nitrogen and phosphorus removal rates (Rg, in mg S L d*) and removal efficiencies

(R, in %) determined for single and dual-species cultures of microalgae

. . Nitrogen Phosphorus
Microorganisms
Ry(mgNL'd?) R (%) Rp(mgPLY*dY) R (%)

C. vulgaris 0.102+0.006 70.6+4.1 0.116+0.004 80.2+2.8
P. subcapitata 0.0912+0.0135 62.9+9.3 0.0730+0.0036 50.4+2.5
S. salina 0.0758+0.0032 52.3+2.2 0.112+0.005 77.0£3.6
M. aeruginosa 0.0722+0.0054 49.8+3.7 0.118+0.004 81.3+3.0
C. vulgaris + P. subcapitata 0.0990+0.0019 68.3+1.3 0.104+0.002 71.8+1.6
C. vulgaris + S. salina 0.122+0.003 84.5+2.3 0.124+0.004 85.9+2.7
C. vulgaris + M. aeruginosa 0.117+0.016 80.8+11.2 0.0902+0.0011 62.3+0.7
P. subcapitata + S. salina 0.104+0.008 72.0£5.3 0.133+0.002 91.8+1.3
P. subcapitata + M. aeruginosa  0.112+0.002 77.6+1.1 0.0983+0.0018 67.8+1.3
S. salina + M. aeruginosa 0.113+0.001 77.7+0.9 0.141+0.003 97.2+1.9

Values are presented as the mean = standard deviation of two independent experiments.
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Figure VI1.1. Time-course evolution of dissolved oxygen concentration (DO, in mg O, L) in the culture
medium obtained for the studied microorganisms when grown in single (A) and dual-species (B) cultures
containing C. vulgaris. Error bars correspond to the standard deviation of the mean determined for four
independent experiments.
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Figure VI.2. Time-course evolution of pH in the culture medium obtained for the studied microorganisms
when grown in single (A) and dual-species (B) cultures containing C. vulgaris. Error bars correspond to the
standard deviation of the mean determined for four independent experiments.
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Figure VI11.1. Time-course evolution of pH (A) and dissolved oxygen concentration (DO, in mg O, L) (B)
in the culture medium for C. vulgaris grown in the raceway pond under different fluid velocities. Error bars
correspond to the standard deviation of the mean determined for two independent experiments.
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