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Microalgae are a varied group of micro-organisms, the cultivation of which has been con-
sidered as a potential method for wastewater treatment and simultaneous biomass production
for nearly a century. When released to the environment, untreated wastewater causes major
problems in the environment, such as eutrophication. The object of this thesis is to evaluate
the relation and impact of three different light parameters, that is photoperiod (4L:20D,
8L:16D, 12L:12D), intensity (70, 140 and 210 pmol/m?/s) and wavelength (white and blue),
on the growth and nutrient uptake of microalgae grown in wastewater.

The experiment used a full factorial design, with each experimental condition run in tripli-
cate. The cultivation was done in custom-built photobioreactors for a period of 12 days using
aquaculture wastewater as a medium. The nutrient content and pH of the wastewater was
analysed before and after the cultivation period. The biomass and pigment content of the
microalgae was also measured.

From the results of the experiment, it was evident that the effects of the different light pa-
rameters are not isolated. The best results in terms of both biomass and nutrient removal,
were obtained using the 12L:12D photoperiod. In the cultures grown under white light
8L:16D similar nutrient removal levels than that of 12L:12D were also observed. The lowest
intensity of 70 umol/m?/s consistently produced the worst results, while intensities of 140
and 210 umol/m?/s performed nearly equally.
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Mikrolevét ovat moninainen ryhmé mikro-organismeja, joita on pidetty mahdollisena kei-
nona samanaikaiseen biomassan tuotantoon ja jateveden késittelyyn jo liki vuosisadan ajan.
Kasittelemattomain jateveden pddseminen ympéristoon aiheuttaa monia vakavia seurauksia,
kuten vesistojen rehevoitymistd. Tamédn tyon tarkoituksena on arvioida kolmen eri valopa-
rametrin, eli valojakson (4:20, 8:16 ja 12:12) (valo:pimed), intensiteetin (70, 140 ja 210
umol/m?/s) sekd aallonpituuden (sininen ja valkoinen), keskeniisvaikutuksia mikroleviin
biomassan tuotantoon ja ravinteiden poistoon jatevedesta.

Koejérjestely toteutettiin kokonaisyhteisvaikutus-periaatteella, jossa jokaista erilaista koe-
olosuhdetta edusti kolme niytettd. Mikrolevét kasvatettiin itse tehdyissé valobioreaktoreissa
12 piivén ajan, kdyttden vesiviljelyn tuottamaa jétevettd. Veden ravintosisilto ja pH analy-
soitiin ennen ja jdlkeen mikrolevien kasvatusjakson. Myds mikrolevien biomassa seké pig-
menttisiséltd analysoitiin.

Kokeen tuloksista havaittiin selva riippuvuus eri valoparametrien vélilld. Parhaat tulokset
sekd biomassan, ettd ravinteiden poiston saralla saatiin 12:12 valoajalla. Viljelmissd, jotka
kasvatettiin valkoisessa valossa valoaika 8:16 tuotti samankaltaisia tuloksia verrattaessa va-
loaikaan 12:12. Matalin valointensiteetti eli 70 umol/m?/s tuotti selviisti heikoimmat tulokset
jokaisella valoajalla. Intensiteetin 140 ja 210 pmol/m?%/s tuottivat puolestaan hyvin saman-
kaltaisia tuloksia.
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1 Introduction

In late 2022 the world population reached 8 billion people, by the end of the century the
population is projected to hit 10 billion. (UNDESA, 2017) This growth is one of the major
factors driving increased water demand, and hence increased wastewater generation. (Con-
nor et al., 2017) Currently global wastewater production is estimated to be around 360 billion
cubic meters per year 48 % of which is released into the environment completely untreated.
(Jones et al., 2021) The release of untreated wastewater poses many risks to humans and the
environment alike, for example receiving water bodies are at risk of eutrophication and even-
tually the formation of complete hypoxic dead zones. (Connor et al., 2017) Despite its name
wastewater should be viewed as a resource rather than an unfortunate by-product of human
activities. On average wastewater is extremely rich in nutrients such as nitrogen and phos-
phorus. (Qadir et al., 2020) The recovery, be it direct or indirect, of these nutrients has po-
tential to generate real economic value. (Connor et al., 2017) The goal of water treatment
should not be limited solely to pollutant removal but include the recovery of useful by-prod-

ucts and effective reuse of treated water. (Connor et al., 2017)

A potential solution for this need of simultaneous water treatment and resource recovery is
offered by microalgae. In addition to their potential in wastewater treatment and resource
recovery, microalgae can also fixate atmospheric CO». The idea of using microalgae to treat
wastewater is not new by any means, in fact it has been around for well over a century.
(Paddocka, 2019) In the intervening years a lot of research has gone into applications of
microalgae in treating different types of wastewaters, with promising results. (Satya et al.,
2023) However, the relative lack of large-scale operations speaks to the need for further
research in order to achieve long-term feasibility. The sheer amount of variables involved
with microalgae-based wastewater treatment, from different characteristics of wastewaters
and microalgal species to the multitude of environmental factors to consider, presents many

challenges.

This thesis has two parts: a brief literature review and an experimental section. The goal of
the literature review is to familiarise the reader with key concepts of microalgae-based cul-
tivation and wastewater treatment, as well as highlight the potential of microalgae-based

wastewater treatment strategies. In the experimental section the microalgal biomass yield



and nutrient removal efficiency in aquaculture wastewater cultivation. The experiment fo-
cuses on the optimisation of light related variables, namely light intensity, wavelength and
photoperiod, using a full factorial design. A clear interdependency was found between the
light parameters. Overall, the best performance both for biomass production and nutrient
removal was observed using white light, 12L:12D photoperiod and medium or high light

intensity.



2 Literature review

2.1 Microalgae

Microalgae are a hugely varied group of microorganisms, which makes a clear definition
difficult. They are unicellular organisms either with prokaryotic or eukaryotic cell structures.
Majority of microalgae can perform photosynthesis but there are exceptions, such as roughly
half of dinoflagellates, that lack chloroplasts. (Andersen, 2013; Taylor, Hoppenrath and Sal-
darriaga, 2008) Microalgae are considered hugely adaptable. They can be found all-over the
Earth, from land to sea and even in places such as extremely acidic hot springs. (Brock,

1978)

The enormous adaptability of microalgae gives them an edge over terrestrial plants. Unlike
terrestrial plants microalgae do not require fertile soil and aren’t dependent on seasonal con-
ditions. This means that microalgae cultivation doesn’t compete for limited arable land used
in traditional agriculture. Furthermore, many microalgal species, that is marine ones, do not
require any freshwater to grow. (Sajjadi et al., 2018) Compared to plants, the growth rates
of microalgal cultures are also very high. They double in a matter of hours, which theoreti-
cally makes daily harvesting possible. (Williams and Laurens, 2010) All of these advantages
make microalgae an appealing option for multiple uses, for example as a source for biofuel

feedstock.

2.1.1 Photosynthesis in microalgae

Most microalgae are able to convert water, light energy, and inorganic carbon into organic
molecules, to be used as building materials, by the way of photosynthesis. This process fix-
ates inorganic carbon, such as CO», into the microalgal biomass and releases oxygen as a
by-product. The general equation for photosynthesis can be roughly presented as in Eq. 1.
(Klinthong et al., 2015)

C0, + H,0 + photons = [CH,0], + 0, (D



The photosynthetic reaction can be further divided into light- and dark reactions. In the light
phase, energy from light waves, absorbed by the photosynthetic pigments, such as chloro-
phylls or carotenoids, is turned into chemical energy. In the end, this process produces a
reducing agent called nicotinamide adenine dinucleotide phosphate (NADPH) and an en-
ergy-dense compound adenosine triphosphate (ATP), while releasing oxygen. (Masojidek,
Torzillo and Koblizek, 2013) NADPH and ATP produced in the light phase are then utilized
in the dark phase reactions. The complex system of reactions in the dark phase is called the
Calvin-cycle, during which CO3 is fixated and mainly carbohydrates are formed. (Masojidek

etal., 2021)

2.1.2 Composition of microalgae

As evident from the photosynthetic reactions, microalgal biomass consists largely of carbon.
The other major elements that microalgal biomass consists of are oxygen, hydrogen, nitro-
gen, phosphorus. Of these major elements C, N and P are of particular concern since they
are often the reason for growth limitations. (Grobbelaar, 2013) A common approximation
for the C:N:P stoichiometry of microalgal biomass is the decades-old Redfield ratio of
106:16:1, based on nutrient availability in seawater. (Redfield, 1958) This ratio is useful
only as a starting point for evaluating potential nutrient limitations in cultivation media.
(Grobbelaar, 2013) In reality, the C:N:P ratio of microalgal biomass varies greatly from spe-
cies to species and even within a given species grown in different conditions. An analysis of
data by Geider and La Roche (2002) on elemental composition of different microalgae,
grown both in nutrient-replete and -limited conditions, found that while the C:N ratio had
some variability, it was generally in line with the Redfield ratio. In contrast, the N:P ratio

had a lot of variability, and was mostly below the Redfield ratio of 16:1.

The ratio of essential major nutrients is echoed in the macromolecular composition of mi-
croalgae. Proteins, lipids, and carbohydrates are the three most abundant macromolecules
present in microalgal biomass. By weight, C is a major component in all of these macromol-
ecules, while N is found mainly in proteins and P in some lipids. (Geider and La Roche,
2002) A study conducted by Tibbetts et al. (2015) found that the protein, lipid, and carbohy-
drate content ranges of different microalgal species were 28.1-39.9 %, 12.3-47.8% and 18-
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45.8% respectively. It’s evident that microalgae are an extremely varied group of organisms,

that can suit many different uses.

2.2 Microalgae cultivation modes

Based on sources of carbon and energy microalgae cultivation can be divided into four cat-
egories: photoautotrophic, photoheterotrophic, heterotrophic and mixotrophic. Table 1 of-
fers a concise look at the characteristics of different types of microalgae cultivation modes.

(Chen, C. et al., 2011)

Table 1: Energy and carbon sources by cultivation mode. (Chen, C. et al., 2011)

Cultivation mode Energy source Carbon source
Light Organic sources Organic Inorganic
Photoautotrophic X X
Heterotrophic X
Photoheterotrophic X X
Mixotrophic X X X X

2.2.1 Photoautotrophic

In the photoautotrophic cultivation mode microalgae use light as their energy source and
inorganic carbon, such as carbon dioxide or soluble carbonates, as their source of carbon.
(Wang, B. et al., 2008) Photoautotrophic cultivation is the most common method for micro-
algae cultivation. (Chew et al., 2018) Compared to the other cultivation modes photoauto-
trophic cultivation produces cultures with low cell densities and hence low overall biomass
yields. (Jeevanandam et al., 2020) This is due to the self-shading effect that starts to happen
as the cell density of the culture grows. Majority of the available photons are absorbed by
the layers closest to the illuminated surface, limiting the light available to the other parts of
the culture. (Carvalho et al., 2011) However, photoautotrophic cultivation offers the major
benefit of CO> biofixation through photosynthesis, which can be utilized in carbon capture

strategies. (Zhou et al., 2017)



11

2.2.2 Heterotrophic

Heterotrophic cultivation does not require light. Instead, both energy and carbon required
for microalgal growth is provided in the form of organic carbon. (Chojnacka and Marquez-
Rocha, 2004) Heterotrophic cultures have high biomass yields when compared to auto-
trophic cultures. This can be partly attributed to the absence of problems resulting from using
light as an energy source. (Abreu et al., 2022) In addition to this, according to a study con-
ducted by Yang, Hua and Shimizu (2000) heterotrophic metabolic pathways are more effi-
cient in their energy use when it comes to biomass accumulation. On the other hand, there
are some substantial drawbacks with heterotrophic cultivation. Due to the use of organic
carbon sources culture contamination by other organisms, such as bacteria or other microal-
gal species, is of major concern. Contamination can lead to resource competition and attacks
on the microalgae by the other organisms, resulting to lower culture quality and quantity.
(Perez-Garcia and Bashan, 2015; Wang, H. et al., 2013) Heterotrophic microalgae are not
only unable to utilize CO as a carbon source, but their metabolism creates CO» as a by-
product. This means that heterotrophically grown microalgae aren’t useful from a carbon

capture standpoint. (Hu et al., 2018)

2.2.3 Photoheterotrophic

In the photoheterotrophic cultivation mode carbon required by microalgae is supplied in or-
ganic form, such as glucose. In order to utilize organic carbon sources as building material
photoheterotrophic microalgae need light as source of energy. Unlike pure heterotrophy,
photoheterotrophic cultivation produces insignificant amounts of CO.. Even so, since there
is no active Calvin cycle, photoheterotrophic cultivation does not fixate any COz. (Cho-
jnacka and Marquez-Rocha, 2004) When it comes to biomass production, photohetero-
trophic cultivation compares well against autotrophic cultivation. (Abreu et al., 2022) The
use of organic carbon sources means that photoheterotrophic cultures are susceptible to con-

tamination by other heterotrophic organisms. (Chen, C. et al., 2011)
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2.2.4 Mixotrophic

Mixotrophic cultivation mode is essentially a combination of autotrophic and heterotrophic
cultivation modes. Mixotrophic microalgae can simultaneously use both organic and inor-
ganic carbon sources as well as light and organic energy sources in varying combinations.
(Perez-Garcia and Bashan, 2015) Biomass yields obtained by mixotrophic cultivation of mi-
croalgae are usually even better than with heterotrophic cultivation. (Abreu et al., 2022) The
use of organic carbons sources means that mixotrophic cultures are subject to the same con-
tamination problems as heterotrophic cultures. This combined with the light requirement of
mixotrophic growth can increase cultivation costs. (Chen, C. et al., 2011) Even though mi-
croalgae produce CO: trough respiration during mixotrophic cultivation, the CO» is utilized
during photosynthetic phases of cultivation. (Cecchin et al., 2018) In their study comparing
different cultivation modes Yu et al. (2020) reported that microalgae grown under mixo-
trophic cultivation achieved highest biomass production rates and a meaningful average CO»

bio-fixation rate of 0.29 g/L/d.

2.3 Cultivation of microalgae in wastewater

One of the most important considerations in the process of cultivating microalgae is the
choice of a cultivation medium. The nutrient concentrations of cultivation media used can
have huge effects on the chemical composition of microalgae grown in them. (Yaakob et al.,
2021) Essential nutrients for microalgal growth are grouped by their concentrations. If the
required amount is in the order of g/L, the nutrient is referred to as macronutrient. These
include elements such as carbon, nitrogen and phosphorous. Nutrients needed in relatively
small concentrations, that is mg/L or less, are called micronutrients. Some examples of mi-

cronutrients are iron, manganese and zinc. (Prochazkova et al., 2014)

All in all, the benefit of using wastewater as a culture medium is basically fourfold. First,
wastewater is a widely available and cheap medium. Second, microalgae utilize the macro-
and micronutrients commonly present in wastewater to grow, thus treating the wastewater.

Third, CO; is consumed by photosynthesis leading to carbon capture. Finally, the resulting
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enriched microalgal biomass can be used for various value-added purposes. (Satya et al.,

2023) The basic principle is presented in figure 1.

( )

LIGHT

| = 4

a4 )
MICROALGAE-BASED
CULTIVATION

CLEAN WATER SYSTEM
\_ J

Figure 1: Basic principle of microalgae-based wastewater treatment systems.

2.3.1 Comparison of wastewater to formulated media

Depending on their source, cultivation media can be categorized into formulated and non-
formulated media, wastewater being an example of the latter. Formulated media are prepared
according to pre-existing recipes tailored for specific groups of microalgal species and uses.
The recipes, such as BG-11 and Bold’s Basal Medium, can be further modified to suit spe-
cific use cases. (Grobbelaar, 2013) The consistency and reliability of formulated media
makes them ideal for laboratory use. However, using formulated media for large-scale pro-
duction is prohibitively expensive, which is why alternative growth mediums need to be

explored. (Couto et al., 2021)

Wastewater can offer a comparatively low-cost alternative to formulated media. Some types
of wastewaters are rich in nutrients, such as nitrogen and phosphorous, necessary for micro-
algal growth. (Christenson and Sims, 2011) However, the nutrient ratios in wastewater can
differ widely from the Redfield ratio, and thus are not always optimal for supporting micro-
algal growth. In some cases, nutrients need to be added to establish favourable growth con-

ditions. (Salama et al., 2017) Because the nutrient profiles of wastewater are unknown and
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can differ drastically, it is paramount that the cultivation suitability of a given wastewater is

evaluated on a case-by-case basis.

2.3.2 Microalgal-based wastewater treatment

The basis for microalgal wastewater treatment is the ability of algae to remove various nu-
trients and pollutants from the water through numerous mechanisms. Nutrients, such as
Phosphorous and nitrogen in their different forms, are removed by assimilation and used in
the microalgal cell to produce lipids and proteins respectively. (Goswami et al., 2021) Nu-
trient removal and recovery with microalgae has been successfully demonstrated in many
types of wastewaters. For example, a study conducted by Daneshvar et al. (2019) found that
two-stage mixotrophic microalgae cultivation in dairy wastewater removed most of the nu-
trients present in the wastewater. During the two cultivation cycles the highest observed

phosphate and total nitrogen removal efficiency was 100% and 92% respectively.

Other pollutants, such as heavy metals and pharmaceuticals, on the other hand are mainly
removed through the mechanisms of bio-adsorption and -accumulation. Heavy metals pre-
sent in wastewater are first adsorbed on to the cell surface, from where they are transported
and accumulated into the algal cell itself. However, depending on the microalgal species,
high concentrations of heavy metals can cause severe damage to the algal cells. (Zeraatkar
et al., 2016) Toxicity can also a problem with the removal of pharmaceutically active sub-
stances. This is further complicated by the sheer variety of possible compounds present in

wastewater. (Wang, Y. et al., 2016)

Microalgal wastewater treatment should not be perceived as a wholesale replacement for the
current wastewater treatment system. For many types of wastewater pretreatment of some
kind, such as filtration or dilution, is essential before using it as an effective culture medium.
Without any pretreatment the culture can run into many different problems. For example, if
the wastewater has a lot of suspended solids, microalgae can struggle to receive enough light
for optimal growth. (Salama et al., 2017) Contamination of the culture by other faster grow-
ing micro-organisms is also a risk with raw wastewater. (Cho et al., 2011) The cost of pos-
sible pretreatment should be considered when evaluating the use of microalgae for

wastewater treatment.
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2.3.3 Production of enriched biomass

As previously discussed, microalgal biomass contains a number of compounds, mainly pro-
teins, lipids, carbohydrates and pigments, which can be used for several value-added pur-
poses. Perhaps the most talked about use for microalgal biomass is as a feedstock for carbon
neutral biofuel production. (Goswami et al., 2021) The high amount of carbohydrates in
microalgal biomass means makes it is well suited for the production of bioethanol. Further-
more, unlike many other plant-based feedstocks microalgal biomass does not contain any
lignin, making delignification process unnecessary. (Yaser, 2019) On the other hand, the
lipid content of some microalgae is ideal for the purposes of producing biodiesel, which can

be achieved by transesterification of the lipids in microalgae. (Goswami et al., 2021)

Other applications for microalgal biomass include use as a feedstock or food as well as var-
ious pharmaceutical and cosmetical uses. For example, carotenoid found in microalgae can
be applied as a colorant in cosmetic products. (Mehariya et al., 2021) However, cultivation
in wastewater limits the future uses of the resulting microalgal biomass. The resulting bio-
mass can contain toxic substances and thus does not meet the safety requirements for the
aforementioned uses. Microalgal biomass can also be utilized as a fertilizer in the form of
biochar. Wastewater based cultivation can also be problematic for this use, because of the

possible presence of heavy metals. (Goswami et al., 2021)

2.3.4 Carbon capture

Microalgae can fix carbon in the form of CO; by the way of photosynthesis. This fact is the
base for microalgae-based carbon capture strategies. Compared to other organisms capable
of photosynthesis, microalgae exhibit unrivalled growth rates and do not take up arable land.
(Acién Fernandez et al., 2012) In addition to this, 1 gram of microalgal biomass can fix

around 1.83 grams of carbon dioxide. (Razzak et al., 2013)

For the most part, there are three different CO> sources that microalgae can utilize for
growth. The first is CO> in the atmosphere, which can be inefficient because of the relatively
limited CO> concentration. (Brennan and Owende, 2010) Second way is to aerate the culture
with COs-rich mixture, such as industrial flue gasses. Albeit there are some problems with

this approach too. As previously stated, some microalgae can be fickle when it comes to
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temperature. Flue gasses tend to be at a high temperature when released and thus require
significant cooling before use in cultivation, which can be costly. (Wang, B. et al., 2008)
Furthermore, microalgal growth can be hindered by excessively high CO» concentrations
and other pollutants, such as sulphur and nitrogen oxides, present in some flue gasses. (Ho
et al., 2011) Lastly, some microalgae are able to fixate soluble carbonates. The preferred
method of supplying carbon depends heavily on the species, since their ability to metabolize

inorganic carbon varies. (Klinthong et al., 2015)

2.4 Optimization of microalgae cultivation in wastewater

Besides the cultivation medium itself, there are many other important factors to consider
when cultivating microalgae. Temperature, light, pH, and mixing can affect the productivity
and biochemical composition of the microalgal culture. (Su, Mennerich and Urban, 2012;
Suthar and Verma, 2018) Optimal ranges for these variables can vary greatly from species
to species, which is why they need to be carefully considered for every individual culture.
(Roleda et al., 2013)

2.4.1 Temperature

Even though some microalgal species can survive in extreme temperatures, most microalgae
exhibit optimal growth rates in a relatively narrow temperature range. Below the optimum
range, that is very species dependent, growth tends to slow down at a steady pace. However,
temperatures even couple degrees above the optimum lead to sharp decrease in growth or
even total destruction of the culture. (Mata, Martins and Caetano, 2010; Ras, Steyer and
Bernard, 2013) For example, a study conducted by Chaisutyakorn et al. (2018) looked at
culture growth performance between 25-40 °C in 5 °C increments. The study found that
some species were able to tolerate the whole range without problems, while to some the

temperature increases were lethal.
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2.4.2 Light

When it comes to light, photoperiod, intensity, and wavelength are the three main areas of
concern. Light wavelengths which microalgae are able to absorb are determined by photo-
synthetic pigments. Chlorophyll molecules absorb light at blue (450-475 nm) and red (630-
675 nm) wavelengths, while carotenoids and phycobilins absorb light between 400-550 nm
and 500-650 nm respectively. (Masojidek, Torzillo and Koblizek, 2013) Cultivation using
the species dependant optimum wavelengths minimises energy consumption and can result

in higher biomass yields. (Ra et al., 2016)

Light intensity can also impact both the growth rate and biochemical composition of micro-
algae. (Vélez-Landa et al., 2021) At low light intensities the growth of microalgae is limited
and increasing the intensity will also increase the photosynthetic rate and hence growth of
the microalgae. However, when the light intensity reaches levels at which the photosynthetic
rate is at a maximum, further increases in intensity will only limit growth and can lead to
cell damage. This is called photoinhibition. (Maltsev et al., 2021) In short there are three

different areas of light intensity: limitation, saturation and photoinhibition.

Finally, regarding light, the last thing to consider is the photoperiod. Photoperiod, or the
light-dark cycle, is usually stated as a split of daily hours under illumination and hours in the
dark, 24:0 meaning constant illumination and 0:24 total darkness. The optimum photoperiod
depends heavily on the used light intensity. For Example, in a study conducted by Wahidin
et al. (2013) fastest growth rate using 24:0 cycle was observed at low light intensities, while

at high intensities 12:12 cycle produced best results.

2.4.3 pH of the culture medium

One of the most important variables in microalgal cultivation is the pH of the culture me-
dium. The pH of the culture medium affects the solubility of CO2 and thus is a critical factor
in microalgal growth. As the pH of a medium increases the amount of molecular CO> de-
creases, which can negatively impact the growth rate of some microalgal species. (Durbin
and Chen, 1994) Both basic and acidic extremes can be fatal for microalgal cultures. In a
study conducted by Sakarika and Kornaros (2016) microalgal growth was observed under

varying pH values in heterotrophic conditions. pH values of 7.5 and 8.0 were found to
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produce optimum growth conditions, while extremes of 3.0 and 11.0 resulted in total culture

loss.

2.4.4 Mixing

Lastly, mixing of the microalgal culture is worth considering, since it can have large effects
on both the efficiency and success of the culture. Mixing can increase microalgal biomass
productivity by improving gas transfer, ensuring homogeneous cell distribution, and smooth-
ing out possible light, nutrient, and temperature gradients. (Zhu et al., 2019) The culture can
be mixed either mechanically or with air bubbles. The preferable method of mixing can de-
pend heavily on the cultivation system used. (Eriksen, 2008) There are risks associated with
mixing, because shear stress caused by excessive velocities can damage the microalgal cells.
The amount of shear stress that microalgae can tolerate varies from species to species and

so should be considered on a case-by-case basis. (Sobczuk et al., 2006)

2.5 Cultivation systems

Cultivation system is the vessel in which the cultivation happens. The choice of the vessel
is largely determined by the desired ranges for the factors discussed in the previous chapter.
Microalgal cultivation systems can be split into two distinct categories: open and closed

systems. (Klinthong et al., 2015)

2.5.1 Open systems

Some examples of open systems are unstirred ponds, raceways, or even offshore enclosures.
Open systems vary greatly in size from hundreds of litres to tens of thousands of litres. (Bor-
owitzka and Moheimani, 2013) Main advantages of open cultivation systems are low costs,
easy access to sunlight and relatively good scalability. (Borowitzka, 1999; Chew et al., 2018)
Like the name implies, open systems are not insulated from the outside world in any way
whatsoever. This means that the risk of contamination is greatly increased compared to
closed systems. In addition to this, open systems also lack meaningful temperature controls,

suffer from water evaporation, and have problems with efficient CO; diffusion. (Mata,
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Martins and Caetano, 2010) The contamination risk is increased when organic carbon
sources are needed in the cultivation mode, which is why open pond cultivation is usually
limited to photoautotrophic mode. (Chew et al., 2018) Due to the self-shading effect of mi-
croalgae, in order to achieve good light penetration cultivation ponds are typically quite
shallow. However, according to a simulation done by Slegers et al. (2013) the depth of the

pond can be increased significantly if the cell density of the culture is not high.

2.5.2 Closed systems

Closed systems are usually referred to as bioreactors. If light is needed as an energy source
the term photobioreactor is used. Completely dark bioreactors are sometimes referred to as
fermenters. (Guedes and Malcata, 2012) Closed systems come in a huge variety of shapes
and sizes. Common types of bioreactors used in large scale are flat plate, horizontal or ver-
tical tube and stirred tank reactors. Volumes of these vary from couple of litres all the way
to thousands of litres. (Brennan and Owende, 2010; Chew et al., 2018) At a smaller scale,
different types of flasks and microplates, varying from nanolitres to a couple of litres. are
also used. (Benner et al., 2022) Compared to open systems, the cultivation conditions of
closed systems are much easier to control. This means that the risk of culture contamination

can be reduced, but not entirely eliminated. (Zittelli et al., 2013)

3 Experimental section

3.1 Materials and methods

3.1.1 Chemicals

During the experiment the following analytical grade were used: NaNOs3, NaH2PO4.2H>0,
CaCly-2H,0, NaCl, FeCl3-6H,0, CuSO4-5H20, ZnSO4-7H20, CoClz:6H20, MnCl»-4H,0,

NaxMo04-2H>0, vitamin B, vitamin B2, biotin and methanol.
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3.1.2 Microalgae supply and cultivation medium

Marine water nannochlorpsis oculata microalgae was obtained from the CCAP, Scotland,
UK. The microalgae were propagated in 100 mL glass containers containing modified /2
medium. The culture stock was kept under continuous light with white LEDs at a tempera-
ture of 22 + 2 °C. The culture was aerated with compressed air to provide COz (0.04%) and
mixing. The chemicals and amounts used to prepare the modified f/2 medium as well as the
amounts in the final medium are listed in table 2. The stocks were prepared according to a

media preparation recipe from Culture Collection of algae & protozoa (CCAP) (2023).

Table 2: Chemicals used for the preparation of f/2 stocks (Culture Collection of algae &
protozoa, 2023).

Chemical Amount, stock (g/L) Amount, medium (g/L)
NaNO3 75 75 x 1073
NaH,P04.2H,0 5.65 5.65 x 1073
CaCl,2H,O 2.5 2.5x103
MgS0O47H,O 7.5 7.5 x 107
NaCl 2.5 2.5x10%
NA; EDTA 4.16 4.16 x 103
FeCls3.6H,O 3.15 3.15x1073
CuS04.5H,0 0.01 0.01 x 1073
ZnS04.7H,0 0.022 0.022 x 1073
CoCl,.6H,O 0.01 0.01 x 1073
MnCl».4H,0 0.18 0.18 x 103
Na;Mo04.2H,0 0.006 0.006 x 1073
Cyanocobalamin (Vitamin By») 0.0005 0.0005 x 103
Thiamine HCI (Vitamin B) 0.1 0.1 x1073
Biotin 0.0005 0.0005 x 103

3.1.3 Wastewater preparation

The aquaculture wastewater (AWW) used in the experiment was sourced from an aquacul-
ture system operated by FinnForel Oy in Varkaus, Finland. After collection the wastewater
was placed in dark storage at 4 °C up until the experiment. Phosphate (PO4+*") and nitrate

(NO3") were added to the wastewater to avoid limitations on the growth of microalgae. The
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salinity of the culture was adjusted to 20 g/L by adding natural sea salt to the AWW. Initial
characteristics of the AWW are presented in table 3.

Table 3: Initial characteristics of the AWW used in the experiment.

Parameters Values
Nitrate, NOs™ (mg/L) 6.73+£0.8
Ammonia, NH;3 (mg/L) 897+ 1.7
Total nitrogen, TN (mg/L) 2443 +£2.7
Total organic carbon, TOC (mg/L) 39.69 £ 6.5
Inorganic carbon, IC (mg/L) 45.34+8.7
Total carbon, TC (mg/L) 85.02+6.7
Phosphate, POs* (mg/L) 8.00+0.2
pH 8.13+0.1

3.1.4 Photobioreactors

The photobioreactors used were modified glass mason jars (1L working volume), with
tinplate lids. Two holes were drilled into the lids of the jars. Acrylic aeration tubes were
fitted into one of the holes, while the other hole was used for gas venting. The ends of the
aeration tubes were placed approximately 2cm from the bottom of the jars. The aeration
tubes were secured in place with fittings made from silicone hose. For the purposes of this
experiment a total of 54 identical photobioreactors were constructed. An illustration of the

photobioreactor design is provided in figure 2.
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Figure 2: Illustration of the photobioreactor design.

3.1.5 Experimental set up and cultivation conditions

In this study, a 3 full factorial design was used to examine the interaction effects of photo-
period and light intensity on microalgal growth and nutrient removal efficiency from AWW,
for both blue- and white light. The scheme for the study is shown in from of a chart in figure
3. Specific names for the different experimental conditions can be read from the chart. For
example, the culture grown under white light using 8L:16D photoperiod and a light intensity
of 140 pmol/m?/s would be W8M. The complete design consisted of 18 different experi-
mental conditions, all of which were run in triplicate, leading to a total of 54 experimental

units.
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White light Blue light
(w) (B)
Photoperiod
(light:dark, hours)
41:20D 8L:16D 121:12D 4L:20D 8L:16D 121:12D
(4) (8) (12) (4) (8) (12)
70 || 140 || 210 70 || 140 || 210 70 || 140 || 210 70 || 140 || 210 70 || 140 || 210 70 || 140 || 210
(L ] (M) ]| (H) (L[] (m) [ (H) (L) [] M) ]| (H) ] (M) ]| (=) (] (m || H) W || M) ]| (H)

Light intensity (umol/m?/s)

Figure 3: scheme for the different experimental conditions used. L, M and H refer to low,

medium and high respectively.

The microalgal cultivation was performed using either blue or white LEDs. The three dif-

ferent photoperiods considered were 4L:20D, 8L:16D and 12L.:12D respectively. The pho-

toperiod was controlled by the way of a mechanical timer (Opal, ACZ556). The light inten-

sities were regulated with the distance from the LEDs, 210 umol/m?/s being closest, 140

umol/m?/s in the middle and 70 pmol/m?/s farthest. The necessary distances were determined

with a Hydrofarm LGBQM Quantum PAR Meter Micromol Sensor. The photon flux density

was measured from the centreline of the photobioreactors.

At the start of the experiment the microalgae were inoculated in the 1L photobioreactors

filled with AWW, from which samples were collected after 12 days of cultivation. During

the cultivation period the cultures were aerated and mixed with compressed air (0.04% CO»).

An illustration of the whole experimental set-up is provided in figure 4.
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co,

Figure 4: Illustration of the experimental set-up

3.1.6 Microalgal biomass

At the end of the experiment, samples of 10mL were collected from each of the photobiore-
actors. The samples were filtered through pre-weighted nylon membrane filters (0.45 pm),
which were then dried at 75 °C for 8 h. After the drying process the filters were weight again

and the dry cell weight was determined using equation 2.

D, = ¥t @)

Where Dy, (mg-L™") is the dry cell weight Wi and W (mg) are the weights or the filter discs

before and after filtration and V (L) is the volume of the sample.



25

3.1.7 Nutrient concentrations

In this study the carbon, nitrogen, and phosphorous content of the AWW were analysed.
Total carbon (TC), total inorganic carbon (TIC) and total nitrogen (TN) were analysed with
TOC/TC analyser (Multi N/C 2100S), after which total organic carbon TOC was calculated
based on TC and TIC. Nitrate (NO3"), ammonia (NH3) and phosphate (PO4>*)contents were
determined with a HACH spectrophotometer (DR 3900).

3.1.8 Pigment concentrations

The photosynthetic pigment content of the microalgae, namely chlorophyll a and chlorophyll
b and carotenoids, were measured after the cultivation period using a method reported by
Xiong et al. (2017). 10 mL sample was centrifuged for 15 min at 4000 rpm. The microalgal
mass was separated and 10 mL of 90% methanol were added to it. The mixture was heated
at 60 °C for 10 min and then centrifuged again for 15 min at 4000 rpm. The supernatant was
then collected and analysed with an UV-spectrophotometer (Cary 5000 UV-Vis-NIR, Ag-
ilent Technologies). The light absorbances were determined at 665 nm, 652 nm, and 470 nm.
From the results concentrations of chlorophyll a, chlorophyll b and carotenoids were calcu-

lated using equations 3-5.

Chla = 16'82A665 - 9.28A652 (3)

Chl, = 36.92445, — 16.54A¢45 )

_ 10004470—1.91Chlg—95.15Chl},
- 225

Car (5

Where Chl,, Chl, and Car are chlorophyll a, chlorophyll b and carotenoids (mg-L™), respec-
tively and Aess, Aes2, Aa70 are the light absorbances at 665 nm, 652 nm and 470 nm, respec-

tively.
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3.2 Results and discussion

3.2.1 Microalgae growth

Growth of the microalgae and subsequent increase in biomass are related to wastewater treat-
ment efficiency. In this study the microalgal biomass was only measured after the cultivation
period. The final dry cell weights of the cultures are presented in figure 5. The initial dry cell
weight of the microalgae was 40.85 mg/L, so significant increases in biomass were observed
in every experimental condition. The highest dry cell weights were observed under 12L:12D
photoperiod for both blue and white light, with W12M being the highest at 703 mg/L. Sam-
ples grown under other photoperiods yielded similar results to each other coming in at
around 300-400 mg/L, with two notable exceptions. W8M and W8H both yielded compara-
tively higher results at 590 mg/L and 565 mg/L respectively, meaning that white light seems

to perform better.
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Figure 5: Microalgal dry cell weight after 12 days of cultivation at different experimental

conditions.

All in all, photoperiod seems to have a bigger effect on growth than light intensity for both
white and blue light. However, there also seems to be some relation between photoperiod
and light intensity. This is evident in the W8 group, in which the medium and high light
intensities performed significantly better than the low intensity. While the largest increases
in biomass are achieved with the 12L:12D photoperiod, in terms of energy expenditure it is
worth considering the ratio of biomass to the total illumination time. These ratios for white
light at medium intensity, which was the best performing intensity for all photoperiods, for
12:12, 8:16 and 4:20 were 4.88 mg/h, 6.16 mg/h and 6.98 mg/h respectively. The best ratio

was therefore attained with the shortest illumination time.

Similar results have been reported in previous research. In a study conducted by Esteves et
al. (2020, 5-7) examining the effect of wavelength on three different microalgal species,
white light yielded higher final biomass concentrations when compared to blue for every

species considered. As for the photoperiod previous research has found the 12L:12D cycle
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to be optimal for multiple species. Sanchez-Bayo et al. (2020, 4-5) studied the effect of pho-
toperiod on nutrient removal and the growth of four different microalgal species. The pho-
toperiods considered were 6L:18D, 12L:12D and 18L:6D. For species C. Vulgaris 12L:12D
yielded was found to be the best in terms of final biomass and energy expenditure. Finally
for light intensity, a study conducted by Fettah et al. (2022, 706-709) found that increasing
the light intensity from 100 umol/m?/s to 500 umol/m?/s nearly doubled the final biomass of
microalgae in the case of both blue and white light. In this study, while the higher intensities
generally performed better, the range of photoperiod used was more narrow, and thus no

such an effect was observed.

3.2.2 Pigment content

Pigments, such as chlorophylls and carotenoids, are essential for the absorption of light en-
ergy required for photosynthetic reactions. Pigment concentrations can be used as an indica-

tor for insufficient or excessive lighting conditions.

3221 Chlorophyll a

The chlorophyll a content of the microalgal cultures is presented in figure 6. The chlorophyll
a content reflects the biomass concentration fairly well for blue and white light both. Since
chlorophyll a is responsible for majority of the light absorption, the correlation between bi-
omass and chlorophyll a is expected. As with biomass, photoperiod seems to have the largest
impact on chlorophyll a content. The highest amounts of chlorophyll a were observed with
12L:12D photoperiod, for both blue and white light. In the case of white light W12L per-
formed the best, while for blue light B12M produced the most chlorophyll a, the measured

concentrations were 10.14 mg/L and 10.58 mg/L respectively.
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Figure 6: Chlorophyll a content of the microalgae in different experimental conditions.

Even though the photoperiod seems to dominate, the variations between different light in-
tensities within the same photoperiod are also of note. For both blue and white 12L.:12D
groups the cultures subjected to highest light intensities produced the least chlorophyll a. A
possible explanation is that this is due to the light stress experienced by the cultures, which
can cause the chlorophyll molecules to break down. However, the observed differences in
chlorophyll a content between the best and worst performing intensities of light are minor,
with W12H containing 13.2 % less chlorophyll a compared to W12L, and B12H 18.5% less
than B12M.

The medium and high light intensities with 8L:16D photoperiod and white light also had
comparatively significant chlorophyll a content, with 8.02 mg/L and 7.81 mg/L respectively.
The chlorophyll a content of one of the cultures in W8M measured significantly lower than
the other two, which explains the large standard deviation. Be that as it may, W8M and W8H
had chlorophyll a content nearly comparable to cultures grown under 12L:12D photoperiod,

while W8L was more in line with other experimental conditions.
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3222 Carotenoids

Carotenoids protect the integrity of chlorophyll molecules by absorbing excess light, thus
their high carotenoid content can be perceived as a sing of light stress. (Carvalho et al., 2011,
1279) The carotenoid content of the microalgal cultures is presented in figure 7. The highest
carotenoid content was measured with 12L:12D photoperiod both in case of blue and white
light. For white light W12H had the highest carotenoid content at 2.82 mg/L, as for blue
light B12M measured the highest at 3.00 mg/L. From this it is safe to conclude that carote-
noid content is significantly affected by the photoperiod.
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Figure 7: Carotenoid content of the microalgae in different experimental conditions.
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It has been established in previous research that the carotenoid content is also significantly
affected by the light intensity (Khajepour et al., 2015, 2283-2284). While this effect is not
evident in the cultures grown under 12L:12D photoperiod, it is can be clearly observed in
the 8L:16D cultures. In this group, the highest carotenoid content was measured in the W8H
culture at 2.27 mg/L, while it was significantly lower in the W8M and WS8L cultures at 0.55
mg/L and 0.65 mg/L respectively. The W8M culture is of particular interest because it also
exhibited a relatively high biomass and chlorophyll a content. This can be interpreted as a
sing of low light stress, meaning that W8M received little to no excess light. It also worth
noting that the effect of light intensity can be seen clearly only in the case of white light. The
cultures grown under blue light with 8L:16D photoperiod did not exhibit the same trend.

Similar results have been observed in previous research. A study conducted by Minhas et al.
(2023, 7-9) looked at the influence of light intensity and photoperiod on the accumulation of
chlorophylls and carotenoids in microalgal biomass. The study found that higher light inten-
sity led to significant increases in carotenoid content, while the simultaneously observed
decreases in chlorophyll a content. They attributed this finding to light stress and photo pro-
tection mechanism of microalgae. Altunoz et al. studied the effect of light colour and the
pigment content of the microalga Neochloris oleoabundans in different growth media (2017,
1265-1266). The study found that the highest final chlorophyll @ and carotenoid content was

obtained with white light, which is exactly what was observed in this experiment.

3.2.1 Nutrient removal

A major focus for this work was the performance of microalgae in the treatment of aquacul-
ture wastewater (AWW). This was evaluated by analysing the initial concentrations (IC) of
several nutrients in the wastewater and repeating the same analyses after the cultivation pe-

riod for every experimental condition.

3.2.1.1 Nitrogen content

Nitrogen plays an important role in the growth of microalgae. In this experiment NH3-N,

NO;3™-N and TN were analysed. The initial concentrations for each were 8.97 mg/L, 6.73
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mg/L and 24.43 mg/L respectively. Figure 8 depicts the NH3-N content of the different ex-
perimental conditions. In the cultures grown under the 12L:12D photoperiod, for both blue
and white light, nearly all of the NH3-N content was removed by the microalgae. This was
also observed in W8M and W8H cultures. However, large reductions of NH3-N content were
measured in every experimental condition, with other cultures seeing 40-50% reduction

compared to initial concentration.
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Figure 8: NH3-N concentration of the AWW after the cultivation period.

Finally, when it comes to NH3-N the pH of the cultures must be considered, this is because
of the NH3/NH4" equilibrium. NH3 is the predominant form when the pH of the solution is
below 8.75, while NH4" becomes predominant when the pH is above 9.75. (Molins-Legua
et al., 2006, 282) The measured pH of the cultures is presented in figure 9. The initial pH of
the AWW was measured to be 8.13. After cultivation the highest pH was measured in W12M
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at 9.67, therefore the observed NH3 removal can be attributed mostly to the presence of

microalgae.
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Figure 9: pH of the cultures.

The NO3™-N content of the cultures is presented in figure 10. The initial value of NO3™-N was
measured at 6.73 mg/L. Instead of significant decreases, as in the case of NHa, the majority
of cultures saw increases in NO3™-N content. This can be explained by the nitrification pro-
cesses present in aquatic ecosystems. Other micro-organisms present in the AWW, that is
bacteria, oxidise ammonia into nitrite and then nitrite into nitrate (NHs — NO2— NO3™).
(Francis, Beman and Kuypers, 2007) Total removal of NO3™-N content was not observed in
any of the cultures. This combined with the NH3-N results suggests that microalgae prefer
NHs-N as a nitrogen source. Explanation is offered by the fact that microalgae are able to
utilise NO3™ only after nitrate reductase followed by nitrite reductase resulting in NH4",

which can be used in amino acids.
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Figure 10: NO3™-N concentration of the AWW.

For every photoperiod and both light colours, the samples grown under the lowest light in-
tensity the saw the largest increases in NO3™-N content, with W4L measuring the highest at
14.93 mg/L. Notable decreases were only observed in cultures grown under the 12L:12D
photoperiod. In this group W12M performed the best for white light and B12M for blue
light, measuring at 2.80 mg/L and 4.80 mg/L respectively. For NO3™ -N removal light inten-

sity seems to play a comparatively large role.

Total nitrogen (TN) is the sum of organic nitrogen, NH3, NO>™ and NO3". The measured TN
concentrations are presented in figure 11. The initial TN content of the AWW was measured
at 24.43 mg/L. Again, the largest decreases in TN content were observed in the 12L:12D
cultures, of which B12M performed the best measuring at 5.56 mg/L or a 77% decrease.
Increases in TN content were measured in 4L.:20D and 8L:16D for blue light and 4L:20D
for white light, with the lowest light intensity usually performing the worst. Photoperiod

seems to have the largest impact in the results. The light colour also seems to have an impact,
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as evident from the performance of the 8L:16D photoperiod in white light compared to the

same in blue light.
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Figure 11: TN concentration of the AWW

None of the cultures saw a near total removal of the TN content, which can be explained by
the relatively poor NO3 utilisation exhibited by the microalgae and the nitrification pro-
cesses present in the cultures. Some of the TN content can also be in the form of organic

nitrogen which could not be assimilated by the algae.

Recently, Katam et al. looked at the impact of light wavelength and intensity on nutrient
removal by a microalgal consortium. (2022, 4-7) They found that nitrogen removal effi-
ciency for blue and white light was near equal when the intensity of the light was 100 and
200 umol/m?/s. However, when the intensity was increased to 300 pmol/m?/s white light

performed measurably better than blue light, removing 50% of the nitrogen content of the
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wastewater compared to 40% for blue light. These findings are reflected in the results of this
study. Chen et al. studied the impact of photoperiod on nutrient removal efficiencies of mi-
croalgae. (2023, 7) They found that microalgae grown under photoperiods 12L:12D, 16L:8D
and 20L:4D were able remove more than 90% of NH4" content, while 8L:16D performed
slightly worse. Similar results were also observed in the case of NO3™ content, but the differ-

ence was much larger.

32.1.2 Phosphate content

Because of its roles in the construction of DNA, RNA and ATP, phosphorous is an essential
element for microalgal growth. Figure 12 depicts PO4>~ content measured in the AWW. Ini-
tial PO4> concentration was 8.00 mg/L. Decreases in PO4>~ concentration were observed in
every experimental condition. As in the case of ammonia, all of the PO4>" content was re-
moved by the microalga in each of the cultures grown under the 12L:12D photoperiod as
well as in the W8M and W8H cultures. PO4* uptake seems to reflect biomass growth and to
mirror that of NH3-N almost exactly. A clear difference can also be observed in the perfor-
mance of the different light wavelengths. White light yields clearly better results, as evident
from the performance of 8L:16D photoperiod group, where M and H intensities yielded bet-
ter results than those of blue light.
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Figure 12: PO+ concentration of the AWW

The influence of light intensity can clearly be seen form the results. Generally, the higher
the intensity the higher the PO4>" uptake. The groups with the shortest photoperiod of 4L:20D
demonstrate this the best. W4L and W4H exhibited a 32% difference in PO4> uptake, meas-
uring at 5.65 mg/L and 4.10 mg/L respectively. For the same photoperiod in blue light the
difference between highest and lowest intensity was 33% measuring 5.62 mg/L and 4.01

mg/L respectively.

The study done by Katam et al. (2022, 4-7) produced similar results on phosphorus removal
for light colour and intensity. They observed that the removal efficiency of phosphorus grew
as the light intensity was increased, with white light consistently performing slightly better
than blue. A study conducted by Minggat, Roseli and Tanaka (2021, 234-236) looked opti-
mised the cultivation conditions for the microalgae Chaertoceros muelleri. They found that
longer photoperiods led to lower phosphorus content in the wastewater. However, the ob-
served difference in phosphorous content was larger when going from 6L:18D to 12L:12D,

than it was when going from 12L:12D to 18L:6D.
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3.2.1.3 Carbon content

Carbon is a fundamental part of microalgae, as it makes up around 50% of the total micro-
algal biomass. The cultures were photoautotrophic, meaning that the microalgae utilised in-
organic carbon sources. The cultures were constantly aerated with air, which also provided
a source of inorganic carbon in the form of CO». The measured TIC content of the cultures
is presented in figure 13. Since additional inorganic carbon was constantly added to the cul-
tures, only a general trend can be observed form the results. Initial value of TIC content in

the AWW measured at 45.34 mg/L.
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Figure 13: Inorganic carbon concentration of the AWW

Generally, cultures that exhibited significant nutrient uptake in the cases of nitrogen and
phosphorous also saw reductions in TIC concentrations. A glaring exception being W8M,

which saw an increase in the measured TIC content at 50.11 mg/L, albeit with a high standard
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deviation of 6.80 mg/L. 29.19 mg/L and 35.00 mg/L were the lowest concentrations of TIC
measured in W12M for white light and B12H for blue respectively. Again, photoperiod

seems to have the highest impact on the carbon uptake of the microalgae.

Total organic carbon content of the cultures is presented in figure 14. The initial value of
TOC in the AWW was measured at 39.69 mg/L. None of the cultures saw major changes in
TOC content. Taken account the cultivation mode, which utilises inorganic carbon sources,
this is expected. The observed small increases of TOC content in some of the cultures can

be explained by dying micro-organisms.
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Figure 14: Measured TOC concentration of the AWW
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4 Conclusions

This thesis investigated the impact of different light parameters on microalgal growth and
simultaneous nutrient removal from aquaculture wastewater. Variables considered were
light colour (wavelength), intensity and photoperiod. The experiment used a full factorial
design with each condition run in triplicate. The microalgae were cultivated in custom pho-
tobioreactors for 12 days, after which biomass and pigment content of the microalgae as well
as the nutrient content of the wastewater was analysed. The nutrients measured were NO3",

NH3, TN, PO+*, TIC, TOC and TC.

This study demonstrated that the effects of the light variables considered are clearly not iso-
lated. Based on the results photoperiod seems to have the biggest impact on both the biomass
accumulation and nutrient removal. All of the cultures grown under the longest photoperiod
of 12L:12D were able to remove nearly all of the NH3 and PO4>" content of the wastewater.
Remarkably, the same feat was achieved in the cultures grown under 8L:16L photoperiod
using white light and light intensities of eighter 140 or 200 umol/m?/s. Cultures grown under
the 12L:12D photoperiod also exhibited the highest carotenoid content, which can be con-
sidered a sing of light stress. There was also a clear difference between white and blue light.
Cultures grown under white light were able to achieve higher biomass and nutrient removal
with a shorter photoperiod. The impact of intensity was also clear between the cultures
grown under the same photoperiod, with the lowest intensity of 70 umol/m?/s consistently

performing the worst.

With the future prospects of wastewater production of humanity, energy efficient wastewater
treatment technologies are of increasing importance. A significant amount of nutrients are
released in wastewater streams and thus left unutilised. Microalgal wastewater treatment has
potential to capture these nutrients for future use. Light, the topic of this thesis, is necessary
for the photoautotrophic growth of microalgae and thus of vital importance when it comes

to optimising the growth conditions and nutrient removal.

The scope of the variables used in this study was quite narrow. Hence, the interplay of light
variables in the more extreme ranges would be a potential topic for further research. Also, a
cost analysis approach would be useful for optimising the production of biomass. Further-

more, as shown in previous research, the optimal values for different cultivation variables as
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well as the composition of biomass are heavily dependent on the microalgal species used.
The variables considered in this thesis should be evaluated separately for different algal spe-

cies.
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