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ABSTRACT
A significant proportion of all waste generated in the world is food waste, contributing up to
8% of global CO2 emissions. Conventional ways of food waste disposal including landfilling
and incineration are simply inadequate and unsustainable, emphasizing the need for efficient
ways recycling / valorizing food waste. Anaerobic digestion is a way to treat and valorize food
waste with significantly less emission of greenhouse gases. However, anaerobic digestion
itself produces a waste in the form of anaerobic digestate that is difficult to manage.
Microalgae cultivation has been used for the treatment and valorization of a wide range of
waste effluents and has been identified as a potentially viable option for the treatment and
valorization of food waste anaerobic digestate. On the other hand, food waste digestate as a
feed stock for the cultivation of microalgae has its challenges. Food waste digestate is a very
high strength effluent having ammonia nitrogen concentration of up to 4000 mg L-1, which is
extremely toxic to most microalgae species. Food waste digestate is also very turbid, making
microalgae cultivation in this effluent extremely difficult without an unsustainably excessive
amount of dilution, as light / irradiance is the most limiting factor in any microalgae cultivation
system. Previous efforts to treat and valorize food waste digestate have been less than
successful due to the reasons stated above. Considering these, we have identified possible
solutions to mitigate the challenges involved in treatment and valorization of food waste
digestate using microalgae. These are: the identification and application of microalgae species
tolerant to high concentration of ammonia nitrogen as found in food waste digestion to tackle
the problem of excessive dilution of the digestate before use; and the use of an inclined thin
layer pond with a much shorter light path than conventional microalgae cultivation systems
allowing for better utilization of incident irradiance in culture systems.
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Three microalgae (Scenedesmus quadricauda, MUR 268, Chlorella sp, Mur 269, and Oocystis
sp, MUR 273) were capable of growth in up to 600 mg L-1 of ammonia nitrogen in food waste
digestate. Further experimentation was done at indoor bench scale laboratory conditions
using the most tolerant and robust of the 3 identified species, Chlorella sp, Mur 269. To gain
insight into the mechanisms required for tolerance of ammonia with the identified species,
especially in relation to its response to light profiles imposed by turbidity, their
photosynthetic response was studied using pulse amplitude modulation (PAM) fluorometry.
Indicators including electron transport rate (ETR), maximum quantum yield in actinic light
(fv’/fm’) and alpha (α), alongside oxygenesis as an indicator of photosynthesis, were used to
study the state of the photosystem of the organism. Maximum specific growth (µmax) rates
and in-situ irradiance profiles were also studied. The effect of turbidity was accounted for by
studying the above response variables in clear synthetic medium (Bolds basal medium, BBM)
and food waste digestate medium. Maximum specific growth rate (µmax) and biomass
productivities were 63% and 47% higher in anaerobic digestate of food waste (ADF) than in
BBM, maintaining values of 0.681 ± 0.03 d-1 and 165 ± 8 mg L-1 d-1 respectively, even at high
irradiance intensities of 1500 µmol m-2s-1, validating their suitability to outdoor conditions.
However, Chlorella sp, Mur 269 photosystem II at optimum irradiance, as reflected in Fv’/Fm’
values, was reduced by 16% in food waste digestate in comparison to BBM. A critical look at
the photosynthesis of this algae shows that adaptive tolerance methods of Chlorella sp, MUR
269 to toxicity includes adjustment of the photosynthetic unit to maximize absorption of light
and compensation mechanisms for reductions in PSII activity including switching to
mixotrophic growth mode.
Application of Chlorella sp, Mur 269 for growth in food waste digestate was carried out using
an inclined thin layer pond under outdoor conditions. Previous studies using the inclined thin
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layer pond had shown that though volumetric productivities and biomass densities could be
improved by using the inclined thin layer pond for the treatment and valorization of
digestates, areal productivities were significantly lower than paddle wheel driven raceway
ponds because of the higher surface area to volume ratio in the inclined thin layer pond. To
that end, depth optimisation of a 11 m2 surface area inclined thin layer pond was conducted,
tailored towards its utilization for the treatment and valorization of food waste digestate
using microalgae. Depth optimizations were performed by stepwise increments of the depth
of the culture on the surface of the inclined thin layer pond through 0.005, 008, 0.011, 0.0145
and 0.02 m. The kinetics of electron flow around photosystem II of microalgae in-situ culture
was used as descriptives for light utilization and limitations of the optimizations via variables
including relative electron transfer rate, rETR, and maximum quantum yield, Fv/Fm, and
derived parameters including functional relative electron transfer rate (FrETR) and functional
relative electron transfer rate ratio (FrETR-ratio). Optimal culture depth determined for the
inclined thin layer pond was 0.011 m, with average biomass density of 4.319 ± 0.18 g L-1 and
areal productivity of 21.134 ± 1.83 g m-2 d, at an operational volume of 140 L. The most
important parameters affecting growth rates and productivity were the mean irradiance
inside the culture and the FrETR of photons for phytochemistry. Compared to previous study
using anaerobic digestate of piggery waste effluent of similar turbidity, areal productivity was
improved 9.5 times.
Further, the use of food waste digestate as a source of nutrients for the cultivation of high
value species of microalgae such as Dunaliella salina, that are highly sensitive to ammonia
nitrogen was explored. The main aim of this study was to assess the possibility of utilizing
nutrients from food waste digestate for growing D. salina. Dunaliella salina was cultivated in
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modified F-medium with partial to complete replacement of the nitrogen (0 – 100 % digestate
nitrogen) source under high salinity (150 - 250 ‰) conditions to study both cell growth and
carotenogenesis. It was found that the growth and productivity of Dunaliella salina was not
inhibited by ammonia nitrogen found in the food waste digestate. Irradiance above 400 µmol
photons m-2 s-1 and higher salinity had combined negative effects on growth and
carotenogenesis. However, under increased irradiation and temperature, in comparison with
cultures grown in synthetic medium with nitrate salts as nitrogen source, there was no
significant difference in biomass productivity when D. salina was cultivated using food waste
digestate as sole nitrogen source.
Finally, a comparative study was performed between the depth optimized inclined thin layer
pond and an open raceway pond, both occupying a surface area of 11 m2 under outdoor
conditions, to ascertain and demonstrate the advantage of the inclined thin layer pond for
the treatment and valorization of food waste digestate using Chlorella sp, Mur 269. The
inclined thin layer pond supported a much higher average biomass density of 6.807 ± 0.15 g
L-1, 7 times more in comparison to the open raceway pond, without severe photolimitation.
Volumetric and areal productivities of the inclined thin layer pond were 0.563 ± 0.1 g L-1 d-1
and 31.916 ± 1.11 g m-2 d-1 respectively, 17 and 3 times higher than observed in the open
raceway pond. Areal nutrient removal by the microalgae biomass were 2359.759 ± 64.75 mg
m-2 d-1 and 260.815 ± 7.16 mg m-2 d-1 for nitrogen and phosphorous respectively in the inclined
thin layer pond, 2.8 times higher than observed in the open raceway pond for both nutrients.
The results described above show that employing tolerant species of microalgae like Chlorella
sp, Mur 269 offer an advantage for the treatment of high strength effluents, reducing
excessive dilution, and unequivocally shows that the inclined thin layer pond is the more
vi

performant system for the treatment of highly turbid waste effluents such as food waste
digestate.
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LED
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NO2
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NO3
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PAR
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PO4
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Photosystem
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RC
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Relative electron transfer rate

RLC

Rapid light curve

ROS

Reactive oxygen species
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SD

Standard deviation

SPSS

Statistical Package for the Social Sciences
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Total ammonia nitrogen
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Total inorganic carbon
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Inclined thin layer pond
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Inclined thin layer reactor
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Total organic carbon
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CHAPTER 1
Introduction
In the past couple of decades, the world has received a rude awakening to the reality of the
massively negative impact of global warming. The culprit is the emission of greenhouse gases.
The temperature of the planet has seen a significant rise and has been forecasted to rise from
1.4 to 5.8 o C by the end of the century. Earth has begun to see, firsthand, the catastrophic
effects of global warming in the form of natural disasters such as heat waves that reduce
agricultural productivity which could lead to extreme food shortage, increased occurrence of
floods, typhoons, and tsunamis. Practices like the combustion of fossil fuels and waste
products lead to the emission of CO2 and other greenhouse gases. CO2 being the most
important of the greenhouse gases has seen a rise of up to 32% in its atmospheric levels since
the industrial revolution. This has cascaded to a 30% increase in ocean acidity, threatening
aquatic life. This is a serious problem. The world and the scientific community have concluded
as stated in the Kyoto protocol and the Paris agreement in 2015, that two major ways to
mitigate this problem are: reduced CO2 emission, and carbon sequestration.
One significant component of greenhouse gas generators is food waste. The carbon footprint
of food waste including land use change contributes 3.6 gigatons of CO2 yearly. This is
approximately 8% of global CO2 emission as last updated in 2020. Food waste is mainly
disposed via landfilling or incineration with only about 5 % being recycled. Anaerobic
digestion is one way to treat food waste with significantly reduced greenhouse gas emission,
converting food waste in to biomethane that can be applied in various ways. However, this
process is incomplete and produces effluents high in inorganic nitrogen and phosphate that
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itself pose a hazard if disposed improperly. One way to treat this waste stream is by using it
as a feedstock for microalgae cultivation.
Microalgae cultivation has been lauded as having a very high potential for carbon
sequestration, and combing carbon sequestration with waste treatment is undoubtedly
attractive. In addition to the benefits of microalgae cultivation to the environment,
microalgae biomass has huge potential spreading across feeds and food, pharmaceuticals and
nutraceuticals, bio-fertilizers, industrial enzymes, and biofuel industries. The application of
microalgae for any waste treatment is an interesting combination of climate restoration and
waste valorization. However, microalgae cultivation using food waste digestate effluent from
anaerobic digestion is wrought with its unique problem set. The following chapter discusses
the anaerobic digestion of food waste, characteristics of the digestate waste, the use of this
digestate for the cultivation of microalgae, its challenges, and cultivation methods of
microalgae that could be applied for the treatment and valorization of the digestate.
This chapter has been published as:
David Chuka-ogwude, James C. Ogbonna, Navid R. Moheimani.
A review on microalgal culture to treat anaerobic digestate food waste effluent.
Algal Research 47 (2020), 101841.
Doi: https://doi.org/10.1016/j.algal.2020.101841
Impact factor: 4.401
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1.1. Abstract
Food waste constitutes a significant portion of waste in the world. Indeed, it is estimated that
about one-third of edible human food is wasted globally. Anaerobic digestion has been
identified as a promising technology for the treatment of food waste as it generates a
significant amount of energy and can remove a substantial portion of the organics. However,
this process has not been adequately applied due to technical and economic challenges. Most
importantly, anaerobic digestion of food waste produces waste in the form of Anaerobic
digestate food effluent (ADFE), with high amounts of nutrient such as ammonium (up to 3000
mg L-1 NH3-N). It has been established that this effluent can be used as a substrate for the
cultivation of microalgae allowing both a means of its treatment and its possible valorization.
This paper reviews the anaerobic digestion of food waste, the composition of its digestate
and trends in the treatment of ADFE with emphasis on treatment using microalgae. Potential
microalgal cultivation methods applicable to the treatment of anaerobic digestate, especially
ADFE, and possible optimization of the cultivation methods are also reviewed critically.
Further, understanding of the cultivation of microalgae in ADFE is required to aid in better
design of its treatment process and valorization to improve its economics.
1.2. Introduction
The exponential growth of the human population over the years has been accompanied by a
range of problems, including the significant growth of waste emanating from the activities of
the population. According to the Food and Agricultural Organization (FAO), roughly one-third
(about 1.3 billion tons) of the edible parts of food produced for human consumption, gets lost
or wasted globally per year [1]. The amount of food waste generated has been projected to
increase significantly in the next 25 years due to economic and population growth, especially
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in Asian countries [2]. About 1.4 billion hectares of the earth’s fertile land, (28% of the worlds
agricultural area) is used to produce food that is wasted or lost. The carbon footprint of food
waste is estimated to contribute to greenhouse gas (GHG) emissions up to 3.6 GT/year
(gigatons) of CO2 equivalent [1]–[3].
It is challenging to know the exact content and composition of food waste because of its
heterogeneous nature born from the heterogenicity of its sources, which is strongly related
to the eating habits of the populace of the environment from which it is sourced. Total solid
(TS) and volatile solid (VS) contents are in the ranges of 18.1–30.9 and 17.1–26.35,
respectively, indicating that water accounts for 70–80% in food waste. Conventionally, food
waste, which is a component of municipal solid waste, is incinerated or dumped in open areas
or pits, which may lead to severe health and environmental problems [4]. Landfilling and
incineration lead to an undesired increase in carbon footprint by the release of significant
amounts of methane gas and CO2, respectively [5]. Leachate from landfills can also lead to
ground-water pollution and consequently, pollution of nearby waterways [4]. In addition to
the undesired carbon footprint of food waste on the environment, incineration of food waste
consisting of high moisture content is highly energy-intensive and results in the release of
dioxins (polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs),
and coplanar polychlorinated biphenyls (PCBs)) [2], [6]. Exhaust gases from food waste
incinerators may contain significant amounts of dioxins formed from chlorine-containing
compounds found in food samples [7].
Here, we review the anaerobic digestion (AD) process as a way of treating the organic food
wastes. However, anaerobic digestion is an incomplete process. Anaerobic digestion converts
the organics to methane and CO2, but the AD effluent contains a high content of inorganic
6

nitrogen and phosphates. Microalgae cultivation as a potential way to treat such effluent is
reviewed critically.
1.3. Anaerobic digestion of food waste
The high nutrient content of food waste suggests the potential for energy recovery through
biochemical or thermochemical means [2], [8]–[11]. Anaerobic digestion, which is widely
deployed and reasonably understood, is a biochemical treatment that favors high moisture
biomass such as food waste and has been proposed as a cost-effective technology for the
recovery of energy/renewable energy production from food waste [12].
1.3.1. Anaerobic digestion
Anaerobic digestion is the natural, biological degradation of organic matter, in the absence of
oxygen, to biogas. Biogas is constituted of 60-70% methane and 30 - 40% carbon dioxide and
traces of other gases [13]. The benefits of anaerobic digestion include renewable energy
generation in the form of bio-methane, reduction in greenhouse gas emission, and the
potential revenue stream from AD waste such as fertilizers, bio-oil, syngas, biochar, ethanol,
electricity, hydroponics, fiber for animal bedding and algal biomass [11].
Anaerobic digestion consists mainly of four phases: enzymatic hydrolysis, acidogenesis (acid
formation), acetogenesis, and methanogenesis (gas production). Enzymatic hydrolysis
involves the breaking down of large polymers that otherwise cannot be transported into the
cell membranes, by hydrolases secreted by facultative or obligate anaerobic bacteria
(Streptococcus and Enterococcus). Polysaccharides are broken down into oligosaccharides
and monosaccharides. Proteins are broken down to amino acids and peptides, and lipids are
broken down into glycerol and fatty acids [2]. In the acidogenesis phase, products from the
hydrolytic phase are fermented to volatile fatty acids such as acetate, butyrate, valerate,
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propionate and isobutyrate along with carbon dioxide, ammonia and hydrogen by facultative
anaerobic bacteria (Ruminococcus, Paenibacillus, and Clostridium species). This utilizes
oxygen and carbon thereby creating anaerobic conditions for methanogenesis [2]. In
acetogenesis phase, the volatile fatty acids from the hydrolysis phase products are converted
into acetate and hydrogen by acetogenic bacteria of the genera Syntrophomonas and
Syntrophobacter [14]. In methanogenesis phase, methane is produced either by the
fermentation of acetic acid or the reduction of carbon dioxide from the acetogenesis phase.
Acetoclastic methanogens, belonging to Archaea, produce methane from acetic acid and
hydrogenotrophic methanogens produce methane via the reduction of carbon dioxide by
hydrogen. About 30% of methane in methanogenesis is produced from the reduction of
carbon dioxide, while 70% is from the splitting of acetic acid [15], [16]. Examples of
methanogens

include

Methanosaeta,

Methanolobus,

Methanococcoides,

Methanohalophilus, Methanosalsus and Methanohalobium species.
1.3.2. Application of Anaerobic digestion for treatment of food waste
Anaerobic digestion is a mature and widely applied technology in the treatment of highstrength wastewater, sewage sludge, and animal manure. However, adopting it for food
waste treatment/management still faces technical challenges such as volatile fatty acid
accumulation, process instability, high foaming, low buffer capacity and economic challenges
such as high cost of transportation and operation [17]. Indeed, less than 2% of US food waste
is anaerobically digested [18]. Thus, it is expedient to identify current challenges in the
process to improve efficiency and identify the potential for further product extraction to
alleviate the cost. Also, it has been shown that food waste as a substrate has the potential to
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provide higher biogas yield (table 1-2) in comparison to cow manure, pig manure, corn silage,
and so forth [19].
There are reports on anaerobic digestion of source-segregated domestic food waste (table
1-1) and interest is growing in this area within Europe due to rising energy costs associated
with the processing of wet waste, the requirement to meet the diversion targets of the EU
Landfill Directive (99/31/EC), and the need to comply with regulations for the disposal of
animal by-products (EC 1774/2002) [9]. Currently, the economic prospects for food waste
collection and anaerobic digestion program are poor [20], and factors like Feed-in tariffs
(FiTs) (subsidies paid to producers of certain energy sources) and further product
extraction/valorization of anaerobic digestate effluents are potentially beneficial for future
anaerobic digestion development.
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Table 1-1: Methane Yield from various waste substrates and some algal biomass
Waste substrate

Methane yield (L g-1 VS feed)

Reference

Maize silage

183 ± 10.1

[21]

Swine and cattle manure

205 ± 3.7

[21]

Dairy wastewater

241 ± 5.5

[21]

Wastewater sludge

267 ± 10.9

[21]

Fruit and vegetable waste

160 -350

[17]

Municipal solid waste

186-222

[22]

Slaughter house waste + organic fraction of

400 -500

[23]

Yard waste

134-209

[22]

Food waste

540

[24]

Kitchen food waste

446

[25]

Municipal food waste

472

[26]

Source segregated food waste

402

[9]

Chlorella sorokiniana

220 - 280

[27]

Spirulina maxima

250 - 340

[28]

municipal waste

10

Euglena gracilis

458

[29]

Nannochloropsis oculate

204

[30]

Chroococcus sp

317

[31]
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Table 1-2: Properties of various Anaerobic Digestate Effluents. Total solids (TS), volatile solids (VS), Chemical Oxygen Demand (COD), total
nitrogen (TN), total ammonia nitrogen (TAN). All units (except pH) are in mg L-1
Source

COD

TAN

TN

NO3

PO4

TP

pH

TS

VS

Reference

Food waste
ADE

1856.6± 118

802.1± 20.3

805.1± 18.2

12.5 ± 6.4

4.9 ± 7.4

10.9 ± 2.5

7.82

1225±
125

1045±
55

[32]

Dairy waste
ADE

3300± 270

410± 38

460± 26

-

14.0 ± 2.7

31 ± 3.4

6.9 ± 0.3

-

-

[21]

Wastewater
Sludge ADE

920± 62

470± 46

596± 77

-

12.6 ± 2.5

29 ± 4.9

7 ± 0.1

-

-

[21]

Maize silage &
Swine manure
ADE

7800± 390

1150± 180

1400± 210

-

10.4 ± 1.8

74 ± 5.7

6.8 +0.4

-

-

[21]

Cattle manure
ADE

6200± 430

910± 77

1160± 90

-

10.8 ± 2.0

61 ± 7.4

7 ± 0.3

-

-

[21]

Pig excrement
& kitchen
garbage ADE

2290

1510

1770

-

227

432

7.5

20000

-

[33]

Piggery
wastewater
ADE

1980

1200

1240

-

-

140

8.5

1040

-

[34]

6096± 34

1172.38± 25

1280.97± 20

0.24± 0.02

-

11.69 ± 0.1

8.31 ±
0.1

-

-

[35]

Kitchen waste
ADE

12

Food waste
anaerobic
Digestate

1500

3700

-

-

Food
wastewater
Digestate

5923

-`

2370

-

Food waste
anaerobic
digestate

-

5226.0 ±
115.9

-

6096.10 ±
40.66

2213.54 ±
47.77

Food waste
anaerobic
digestate

3180

Piggery
effluent ADE

1600 ± 12

Kitchen waste
ADE

-

8.3

-

-

[36]

-

47.8

-

-

-

[37]

107.0 ±
61.9

216.3 ± 14.2

-

7.9–8.0

705 ±
21.2

615 ±
64.8

[38]

2814.97 ±
53.67

-

-

28.14 ± 0.11

8.3 ± 0.4

-

-

[39]

2120

-

-

-

44

-

-

-

[40]

1300± 41

1400

19± 3.0

35 ± 3.8

-

-

-

-

[41]
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1.3.3. Characteristics of ADFE
Table 1-2 details various features of food waste digestate, highlighting important constituents,
obtained from multiple sources and other sources of digestate for comparison. Raw anaerobic
digestate food effluent (ADFE), withdrawn from digesters, is a liquid to a thick slurry that contains
a significant quantity of solids. ADFE composition varies depending on the composition of the
feedstock, source of inoculum, digester operating conditions (pH, temperature, organic loading
rate, hydraulic retention time) and anaerobic digester configurations [42]. The characteristic of
the digestate also depends on what part of it is used. Digestate could be used whole or separated
into two parts: solid digestate, containing most of the insoluble portion of the total solids (TS)
and liquid digestate, containing most of the Volatile Solids (VS) of the TS. ADFE contains similar
amounts of total ammonia nitrogen (TAN) with cattle and piggery slurry digestate but higher total
ammonia nitrogen content than dairy waste and wastewater sludge anaerobic digestate. The
range of total ammonia nitrogen in different sources of ADFE is wide (800 – 3500 mg L-1), but it
could be said that it is generally higher than found in other digestates. The ratio of nitrogen to
phosphorus (N/P) in ADFE is generally higher than Anaerobic digestate effluents from other
sources (see table 1-2).
ADFE pH generally ranges from 6.7 to 8.4 [43] due to degradation of volatile fatty acids and the
production of ammonia during the process of digestion. The increase in pH and NH4+ -N content
through anaerobic digestion enhances the polluting potential of the digestate during storage [44]
as well as the potential land spreading [45]. The pH of the digestate also affects the solubility of
phosphate (PO−3
4 ). Higher pH (> 10) causes phosphate precipitation into calcium or magnesium
phosphates (Ca3(PO4)2 or Mg3(PO4)2) and struvite (NH4MgPO4.6H2O), a complex crystal that
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contains nitrogen, phosphorus, and magnesium. Lower pH increases the solubility of phosphates
[46]. Undiluted ADFE application as a substrate for microalgae propagation is limited due to the
toxicity of high ammonia concentrations to the algal biomass[47]. Furthermore, high pH can
result in a significant amount of ammonia not being assimilated but lost to the atmosphere during
its use as a substrate for algae cultivation [48]. The main concerns regarding the further
application of digestate are emissions of ammonia to the environment through ammonia (NH3)
volatilization, nitrate (NO−
3 ) leaching and greenhouse gas emissions as nitrous oxide (N2O), with
associated impacts on air and water quality, ecosystem functioning and human health [49].
1.3.4. ADFE treatment processes
The challenges involved in the treatment and reuse of anaerobic digestate effluents is a likely
cause for the under-utilization of anaerobic digestion [50]. Table 1-3 summarizes the emerging
trends for the management of liquid digestate, which include: Anaerobic ammonium oxidation
(ANAMMOX), ammonia stripping, reverse osmosis, struvite crystallization, constructed wetlands,
hydroponics and algae cultivation. These processes aim at drastically reducing, to completely
removing the nutrients in the digestate, leaving close to ‘clean water.’ The water obtained at the
end of these processes could be used for irrigation in areas of drought, as animal drinking water,
and as a form of process water in several industries. Table 1-3 also summarizes some of the pros
and cons of the processes mentioned above. The most common method for the reuse of
anaerobic digestate has been land application for crop production because large quantities can
be spread over large areas of farmland [51]. However, improper land application may lead to
ammonia volatilization, pathogen contamination, over-fertilization, and nutrient runoff, causing
reasonable concern regarding the environmental sustainability of the process [51]. Trends
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employed for the management of the solid fraction (solid digestate) include: composting and
newer trends like pyrolysis for the production of syngas, bio-oil, and biochar [52]. Fibers and
insoluble solids from solid digestate can also be effectively reused for the production of
particleboard and bedding materials [64], [65].
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Table 1-3: Trends in the management of Anaerobic Digestate Effluents; Some pros and cons.
Method
Anaerobic
ammonium oxidation
(Anammox)

Pros

i.
ii.

Cons
Low energy, oxygen and carbon requirements
Consumes atmospheric CO2 reducing greenhouse
gases.

i.

ii.

iii.
Adsorption

i.

Efficient on large scale application

i.
ii.

iii.

References
Slow growth rate of Anammox
organisms leading to prolonged startup times.
Water consumption increasing capital
cost, for dilution of digestate toxic
concentrations of Nitrogen in digester
inhibit biomass.
Cannot be used as a standalone
treatment.

[53]

High initial investment costs
Difficulty in the removal of adsorbed
nutrients / colloids from the
adsorbents
After use disposal safety concerns

[54]

Constructed
wetlands

i.
ii.

Relatively low set-up cost
Operational simplicity

i.

Requires large surface area

[55]

Phycoremediation

i.

Anaerobic digestate effluent can substitute for
fertilizer requirements of algae.
Algal biomass produced may be further valorized
in feed or bio-fuel production.
Can be used as a standalone treatment.
Easy In-situ application.
Highly efficient for ammonia removal.

i.

[35], [48], [56], [57]

ii.

Can consume a significant amount of
water if diluted, leading to high
operational cost.
Requires large surface area

i.

Ammonia gas fouling,

[58], [59]

ii.

Ammonia Stripping

iii.
i.
ii.
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ii.
iii.
Reverse osmosis

Struvite
Crystallization

Hydroponics

Suitable for heat-sensitive substrates, low operating cost.

i.

Ammonia gas release (greenhouse gas
release)
Requires high temperature and pH

The process requires a lot of water, which may
remove desired nutrients.

[60], [61]

i.
ii.

High costs of chemical compounds
Cannot be used as a standalone
treatment.

[62]

ii.

Recovery of high-quality fertilizer in the form of
struvite.
Pellets are easy to handle.

i.
ii.
iii.

Can be used as a standalone treatment
Easy to accomplish
Nutrient valorization

i.
ii.

Requires dilution.
Potential concerns regarding plant
contamination by digestate bacteria.

[63]
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As highlighted in table 1-3, algae treatment of digestate including ADFE, is potentially the most
efficient means mainly because of valorization of digestate through the broad scope available for
the application of microalgal biomass. Microalgae cultivation systems can also run as ‘standalone’
systems without the need for complex integration of other supporting systems. Also, microalgal
cultivation can easily be integrated into the process flow of anaerobic digestion systems, creating
a closed loop.
1.4. Microalgae culture to treat ADFE
1.4.1. Microalgae and AD treatment
Microalgae are sunlight powered cell factories that can fix CO2 converting it into biomass that
can produce valuable lipids, carbohydrates, proteins, pigments, and vitamins [66]. These
products can then be converted into biofuels, feeds, foods, and high-value bio-compounds.
Microalgae are a very diverse group of organisms, they do not require arable land for cultivation
and they tolerate and grow on a variety of nutrient sources and several types of wastewater [67],
[68]. The nutrients and water needed for the cultivation of microalgae are readily available in
wastewater streams and utilizing wastewater will allow for significant cost cuts for microalgae
cultivation while simultaneously treating the wastewater to acceptable levels [69].
Anaerobic digestate effluent offers all the same benefits expected from wastewater treatment
using microalgae. The drawback of its usage, as stated earlier, is in its “strength” (toxic
concentrations of nutrients and high turbidity). Significant work has been carried out on the use
of anaerobic digestate from various sources, for the cultivation of microalgae with varying
degrees of success as depicted in table 1-4. Nitrogen and phosphate removal are the most
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important parameters in the treatment of any wastewater / effluent and microalgae has proven
to be efficient in the utilization of these nutrients for growth in cultivation. Table 1-4 highlights
extensively the nutrient removal rate (COD, phosphates and Nitrogen) and efficiency from
various studies. Microalgae cultivation has been demonstrated to reduce the COD of waste
effluents and digestates to up to 90 % (see table 1-4). Degradation of organic compounds in
anaerobic digestate can be attributed to mixotrophic growth in microalgae and for the purpose
of organic pollutant degradation, mixotrophs employing osmotrophy for organic carbon have
been alluded as significantly relevant [70].
Microalgae capable of mixotrophy are generally able to reach significantly higher cell densities in
culture than strict photoautotrophs [71]–[74] and so would naturally be the preferred choice for
treatment and valorization of waste effluents with complex compositions and high COD like
ADFE. For some mixotrophic microalgae, oxidative phosphorylation of organic carbon sources
and photosynthesis seem to function in parallel and additively, with mixotrophic growth rates
equaling or even surpassing the sum of heterotrophic and autotrophic growth of the microalgae
[75]. In other cases, organic carbon utilization may reduce affinity for CO2 and CO2 fixation and
suppress photosynthetic oxygen evolution [76]. The utilization of organic carbon has also been
shown to cause strong inhibition of the Calvin cycle enzyme ribulose bisphosphate
carboxylase/oxygenase (RuBPCase) [77], and the down-regulation of RUBISCO activase and genes
responsible for synthesis of various light harvesting proteins; including reduced chlorophyll ‘a’
content per cell [71]. Under mixotrophic conditions net maximum photosynthetic O2 evolution
rate, saturation irradiance (Ik) and variable to maximum chlorophyll fluorescence ratio (Fv/Fm)
have been shown to be depressed indicating reduced photochemical efficiency of PS II [72]. In
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some exceptional cases however, mixotrophic conditions can increase photosynthetic rate and
PSII photochemical efficiency [78]. Nevertheless, whichever response is observed, the consensus
is that for most species, biomass growth and productivity of microalgae is improved under
mixotrophic conditions.
Other issues to consider in the treatment of anaerobic digestates using microalgae is the organic
content and microbial load of the effluent and the products that are to be obtained from the
microalgal cells after treatment and valorization using microalgae. The dynamics of the
relationship between microalgae and bacteria in anaerobic digestates can get quite complex
because of the diversity of the organisms in digestates. These relationships range from mutualism
to commensalism to parasitism [79]. Ultimately, microalgae has been shown to outcompete
bacteria, including nitrifying bacteria, for nutrients especially under phosphate limiting
conditions [80]. In general, environmental conditions of algal cultivation systems, such as variable
pH, high light, high dissolved oxygen and shear produced by mixing, has been found to limit the
survival (up to 99%) of many pathogenic bacteria such as coliforms and Salmonella [81].
All the studies on the cultivation of microalgae on anaerobic digestate highlight nutrient toxicity
and turbidity as the major constraints and various pre-treatment procedures are employed
before its usage (table 1-4). The challenges, common attempts to ameliorate the said problems
and potential solutions are discussed in the following sections.
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Table 1-4: Microalgae cultivation on Anaerobic Digestates. System of cultivation, productivities and nutrient removal efficiencies.
Algae species

Digestate
Origin

Digestate Pretreatment

Cultivation System

Operation

Chlorella pyrenoidosa

Starch processing
wastewater

Filtration,
Sterilization,
Dilution with
wastewater

2 L flasks

Batch (9 d)

C. pyrenoidosa

Starch processing
wastewater

Precipitation,
Filtration

Airlift circulation
photobioreactor (890L)

Chlorella PY-ZU1
(Mutated)

Swine manure
and sewage

Undiluted,
Centrifugation,
Autoclave

Benchtop column
bioreactor (0.3 L)

Chlorella PY-ZU1

Food waste

Undiluted, Ozonation,
Autoclave

1 L Flasks

Chlorella sp.

Dairy manure

Dilution,
Filtration

250 mL Flasks

Outdoor
batch
(14 d)
sparging
with 5 - 9%
CO2
Batch
sparging
with
15% CO2
Batch
sparging
with
15% CO2
Batch (21 d)

Biomass
Productivity
and
Concentration
0.58 g/L/d
3.01 g/L

Nutrient
Removal
Efficiency

Reference

TN 91.6%
TP 90.7%
COD
75.8%

[82]

0.37 ± 0.09
g/L/d
2.05 g/L

TN 83.1%
TP 97.0%
COD
66.0%

[83]

0.601 g/L/d
4.81 g/L

TAN 73%
TP 95%
COD 79%

[84]

0.456
g/L/d,4.3 g/L

TAN 99%
TP 99%
COD 68%

[40]

1.71 g/L

TN 82.5%
TAN
100%
TP 74.5%

[57]
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COD
38.4%

Chlorella sp.

Biogas Fluid (slurry)

Ultraviolet,
Filtration

Photobioreactor bag (40L,
Effective 8L)

Batch (6 d)
with
biogas in
headspace
Batch (until
stationary
phase)

0.494 g/L

Chlorella sp.

Wastewater sludge

Centrifugation

Glass cylinders (0.38 L)

Chlorella vulgaris

Dairy manure

Dilution

Flask (4L, effective 1L)

Semi
continuous
(30 d) with
2%
CO2

1.3 g/L

Chlorella minutissima,
Chlorella sorokiniana
and Scenedesmus
bijuga

Poultry litter

Centrifugation,
Dilution

0.25 L Flasks

Batch (12 d)

0.076 g/L/d
0.612 g/L

C. vulgaris,
Scenedesmus
obliquus, and
Neochloris
oleoabundans

Livestock waste (Biogas
slurry)

Ultraviolet,
Filtration

Photobioreactor bag (20L,
Effective 4L)

Batch (7 d)
with
biogas in
headspace

-

0.45 g/L/d
2.11 g/L

TN 73.1%
TP 67.6%
COD
78.9%
TN 83.7%
TP 94.2%
COD
86.3%
TN 93.6%
TAN
100%
TP 89.2%
COD
55.4%
TN 60%
TP 80%

[85]

TN 76.0%
TP 63.2%
COD
63.1%
CO2 62%

[89]

[86]

[87]

[88]
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C. vulgaris and
nitrifying - denitrifying
activated sludge

Vinasse

Dilution

HRAP 180L

Continuous
(175 d) with
synthetic
biogas
sparging

11.8 g/m2/d
0.6 g/L

C. vulgaris, N.
oleoabundans, and S.
obliquus

Cattle slurry and raw
cheese whey

Dilution

250mL Flasks

0.26 g/L/d

Chroococcus sp.

Algae cells

Dilution / mixed with
wastewater

Transparent Plastic bottles
20L

Batch (21 d)
in
CO2
incubator
Batch (12 d)
with
air sparging

Desmodesmus sp.

Pig manure

Filtration, Dilution

1L Flasks

Batch (10 d)

0.385 g/L

Desmodesmus sp.

Pig manure

Filtration, Dilution

1L Flasks

Fed-batch
(40 d)

1.039 g/L

Desmodesmus sp.

Pig manure

Filtration, Dilution

100mL Flasks

Batch (14 d)

1.42 g/L

0.029 g/L/d
0.412 g/L

TN 37%
TP 71%
COD 51%
TOC 57%
TIC 78%
CO2 80%
TAN
99.9%
PO4-P
97.3%
TAN
85.2%
NO3-N
77.3%
TP 89.3%
COD 70%
TN 75.6%
TAN
92.7%
PO4-P
100%
TN 94.2%
TAN
91.1%
PO4-P
88.7%
TN 100%
TP 100%

[90]

[91]

[92]

[93]

[93]

[94]
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Nannochloropsis
salina

Municipal
wastewater

Dilution with artificial
seawater

Lab-scale bioreactor/glass
bottle (2L)

Batch (10 d)
with
air sparging

0.092 g/L/d
0.92 g/L

TN 100%
TP 100%

[95]

Nannochloropsis
salina

Municipal
wastewater

Dilution with artificial
seawater

Lab-scale bioreactor/glass
bottle (2L)

0.155 g/L/d

TN 89%
TP 82.8%

[95]

Synechocystis sp.

Municipal
wastewater

Dilution with artificial
seawater

Lab-scale bioreactor/glass
bottle (2L)

0.151 g/L/d

TN 100%
TP 100%

[96]

Synechocystis sp.

Municipal
wastewater

Dilution with artificial
seawater

Lab-scale bioreactor/glass
bottle (2L)

0.212 g/L/d

TN 100%
TP 100%

[96]

N. oleoabundans

Dairy manure

Dilution

Indoor photobioreactor
(polyethylene tubing (ULine)) 50L

Semicontinuous
(18 d) with
air
sparging
Batch (18 d)
with
air sparging
Semicontinuous
(18 d) with
air
sparging
Batch (11 d)
with
2 - 3% CO2
sparging

0.088 g/L/d

TAN 90 95%

[97]

Scenedesmus
accuminatus

Livestock
waste

Filtration, Autoclave,
Dilution

cylindrical glass reactor (1L)

Semicontinuous
(29 d) with
air
sparging

0.118 g/L/d,
1.5g/L

TN 89%

[34]
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Scenedesmus sp.

Swine manure

Autoclave, Mixed with
municipal wastewater

Indoor photobioreactor (1.8
L)

S. obliquus

Livestock
waste

Mixed microalgae
dominated by
Scenedesmus sp.

Batch then
continuous
chemostats
(45 d) with
air
sparging
Batch (7 d)
with
biogas in
headspace

0.67 g/L/d

TAN
>95%
PO4-P
>97%

[98]

Filtration, Autoclave,
Dilution

Photobioreactor bags
(polyethylene, 48L)

0.311 g/L/d

[99]

2.6 g/L TSS

TN 74.6%
TP 88.8%
COD
75.3%
CO2
73.8%
-

Wastewater

Dilution

0.5 L flasks

Batch (7 d)

[100]

Tetraselmis
sp.

Tetraselmis culture
effluent

Dilution

Plastic bag
photobioreactors (5 L)

Batch (10 d)
with
air sparging

5*108 cells/L

-

[101]

Scenedesmus bijuga

food wastewater
effluent

Dilution, Autoclave

1 L Flask

Batch (28d)

0.0508 g/L/d,
1.49 g/L

TN 86.6%,
TP 90.5%

[37]

Chlorella SDEC-18

Kitchen Waste

Dilution, centrifugation

I L Flask

Batch

0.53 g/L

[39]

Dilution

Indoor Raceway Pond
(100L)

Batch

0.042 g/L/d

TN
35.21%,
TP
95.27%
65-72%
TAN, 63100 % TP

Scenedesmus
dimorphus

Diluted food waste &
animal manure

[102]
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Chlorella,
Scenedesmus, penate
diatom consortium

Piggery Effluent

Sand filtered but
undiluted

Raceway Pond (150L)

Chlorella,
Scenedesmus, penate
diatom consortium
Chlorella,
Scenedesmus, penate
diatom consortium
Chlorella,
Scenedesmus, penate
diatom consortium
Chlorella,
Scenedesmus, penate
diatom consortium
Rhizoclonium,
hieroglyphicum,
Microsporaconsortium

Piggery Effluent

Sand filtered but
undiluted

Raceway Pond (160L)

Piggery Effluent

Sand filtered but
undiluted

Piggery Effluent

Piggery Effluent

Dairy manure

Semicontinuous
with CO2
sparging
Semicontinuous

0.017 - 0.02
g/L/d

-

[48]

0.024g/L/d

-

[103]

Biocoil (40L)

Semicontinuous

0.047g/L/d

-

[103]

Sand filtered and
Dilution

Inclined Thin layer pond
(350L)

Semicontinuous

0.06g/L/d,
0.84g/L

98.06 ±
1.13

[41])

Sand filtered and
Dilution

Raceway Pond (1500L)

Semicontinuous

0.03g/L/d,
0.84g/L

98.06 ±
1.13

[41]

Dilution

Biofilm (Algal turf scrubber
raceway) (1500L)

Continuous

25 g/m2/d

70100%TAN
&P

[104]
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1.4.2. Challenges of using AD effluent for algal growth
1.4.2.1. Turbidity
Turbidity is one of the most prominent challenges experienced in the use of microalgae to treat
AD effluent [33], [57]. Regardless of the cultivation system, light (quantity and quality) is the main
limiting factor of any microalgae culture. Photosynthesis correlates with an increase in irradiance
until maximum algal growth is achieved at the light saturation point [105], [106]. Suspended
materials in anaerobic digestate effluent interfere with the clarity of the liquid medium and
greatly increases light attenuation because the light is scattered and absorbed by the suspended
materials [57]. Impurities responsible for turbidity include clay, silt, finely divided organic and
inorganic matter, soluble coloured organic compounds, and microorganisms. Turbidity has been
tackled by researchers by pre-treatment of the anaerobic digestate effluent by centrifugation
[84], [107], filtration [82], precipitation [83] and adsorption [54] (See table 1-3) to remove
suspended solids and impurities. However, the most popular method employed to reduce
turbidity is dilution. There is ample literature that supports better algae performance, in terms
of growth and nutrient removal, in anaerobic digestate effluent due to reduced turbidity [32],
[35], [57], [80], [100], [107]. However, most of these methods are not attractive as they can result
in a significant increase in the cost of the treatment process [84]. See table 1-3 for pros and cons
of the aforementioned treatment methods.
1.4.2.2. Ammonia / ammonium toxicity
Another major problem with the use of anaerobic digestate effluent for the cultivation of
microalgae is the high concentration of nutrients, especially Ammonia-nitrogen [48], [103]. It has
been established that ammonium is the most preferred source of nitrogen for microalgae [108]–
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[112], but high concentrations are toxic to microalgae. In practice, as regards to wastewater
(including ADFE) ammonium exists alongside the more reactive ammonia species and are
collectively referred to as ammonia nitrogen. In aqueous solutions, ammonia-N is present in two
forms: the protonated cation NH4+ (ammonium), and the gaseous form NH3 (ammonia). The
equilibrium of the two forms is dictated by pH. At pH > 9 ammonia dominates and at pH < 8

ammonium dominates. At pH > 9 toxicity is most likely due to ammonia and at pH < 8 toxicity is
most likely due to ammonium. In algae, ammonium does not diffuse through the cell membrane;
hence, its uptake needs to be regulated. On the other hand, ammonia diffuses passively through
the cell membrane and hence, cannot be regulated, resulting in high ammonia/ammonium
concentrations in the cell [113]. Ammonia is the more reactive species and is also more toxic to
microalgae. The toxicity of ammonia to algae has been shown to include: the
disruption/inhibition of photosynthesis by damaging the manganese (Mn) cluster of the Oxygenevolution complex of photosystem II (PSII) and also increasing the sensitivity of PSII to
photodamage [114]. Also, high ammonium concentrations inhibit microalgae photosynthesis by
uncoupling electron transport from photophosphorylation [115], [116]. It is also suggested, at
least in higher plants, that using ammonium as the sole nitrogen source can lead to the oxidation
of excess redox equivalents on the mitochondrial electron transport chain leading to electron
‘leakage’ and the production of reactive oxygen species (ROS) [117].
ADFE, has a concentration of NH3-N in the range of 1000 – 3500mg/L [35] and high ammonia-N
levels above 100mg L-1has been shown to have inhibitory effects on the growth of microalgae in
anaerobic digestate effluent [21], [34], [47], [100]. In anaerobic digestate effluent
characteristically with high concentrations of ammoniacal nitrogen, ammonia volatilization has
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also been noted to be a problem in its use as a growth medium [48]. To alleviate the inhibitory
effects of high nutrient concentrations in algal cultures, researchers again turn to dilution to bring
the ammonia-N level to 50 – 100mg L-1 [32], [47], [100].
1.4.2.3. Nutrient ratios
ADFE and other digestate effluents are characterized by low carbon to nitrogen, ratios due to the
enhanced microbial degradation of organic matter and the resultant emission of carbon as
methane in the process of anaerobic digestion [118]. It has been shown that the C/N ratio has a
significant effect on biomass production in algal cultures [119], with higher C/N ratios producing
higher biomass. Anaerobic digestate effluent has been found to have C/N ratios as low as 1.53
[21] whereas the optimal C/N ratio for algal growth is in the range of 4 – 8 [120]. However, the
addition of CO2 sourced from flue gas or other sources otherwise considered as waste or
pollutants can solve this issue. However, it should be noted that flue gas is a mixture also
containing Nitrous and Sulphur oxides (NOx and SOx) [121], [122] and these oxides have been
demonstrated to be toxic to microalgal growth [123], [124] so care should be taken to reduce
their concentrations to acceptable levels by treatment. N/P ratio of ADFE is also evidently much
higher than ideal (in extreme cases up to 80). The ideal range is 14 - 16 [125], [126], reflecting
nitrogen excess in the form of ammonia. However, as stated earlier, the composition of the
digestate is entirely subjective to the feedstock of the digestion process and the source of the
digestate. This issue can be resolved by either modifying the feedstock of the anaerobic process
to better suit the use of treating and valorizing its digestate or using mixed sources of digestate
or mixtures of digestates and other wastewater (to complement for nutrient insufficiencies [82])
for the cultivation of the microalgae.
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1.4.3. Current solutions for treating AD effluents using microalgae
1.4.3.1. Addition of Carbon Oxide
Carbon dioxide can play a dual role in the optimization of the process for the use of anaerobic
digestate effluent in the cultivation of microalgae. Its addition can increase biomass and regulate
pH [119]. This will also reduce the need for the use of acid, alkaline, or buffer for the same
purpose. In open-air, when CO2 dissolves in culture medium it forms carbonic acid (H2CO3) and
consequently reduces the pH of the medium, but when microalgae biomass increases and the
rate of photosynthesis increases, the CO2 is consumed from the medium which then returns to
alkaline pH [68], [127]. This is observed as higher pH levels in the night and lower pH levels in the
daylight in algal cultures. Adequately controlled addition of CO2 could reduce the pH of digestate
to levels that allow for significant biomass improvement and ammonia solubilization,
improving/increasing the amount of nitrogen absorbed by the microalgae as opposed to that lost
to volatilization [48].

Currently, there is no literature on the influence of CO2 addition in the cultivation of microalgae
on ADFE. The impact of the addition of CO2, keeping the pH at 8, in anaerobic digestate of piggery
effluent has been shown to significantly increase microalgae growth and productivity [48]. The
CO2 addition abated the decrease in productivity observed at extreme concentrations of
ammonia. The low mass transfer efficiency of CO2 from gaseous to liquid phase is one of the
major limiting factors in microalgae cultivation [128]. The direct injection of gases into microalgae
culture, which always accompanies the release of CO2 to the atmosphere, may not be as effective
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if smart designs and methods to either increase the diffusivity, increase retention time and / or
reduce the gas bubble size, are not employed.
Dissolved inorganic carbon (DIC) exists as either CO2, HCO3− or CO2−
3 and the proportions of each

species depend on pH and temperature. Microalgae preferentially take up CO2 through passive

diffusion, over HCO−
3 which relies on active transport. However, at high pH most DIC in

wastewater is in the form of HCO3− and CO2−
3 , with insignificant available CO2 [129]. The addition

of CO2 results in decreasing pH and shifts the DIC equilibrium, thereby increasing the availability
of CO2. In a study on the effect of the addition of CO2 along a pH gradient on wastewater
microalgal photo-physiology [119], the decrease of pH from 8 to 6.5, with the addition of CO2
resulted in a significant increase in Dissolved Inorganic Carbon and consequently a significant
increase in biomass. The highest biomass yield was achieved at the highest DIC/lowest pH
combination [119]. However, the increased microalgal biomass did not have any significant effect
on ammonia volatilization. This was described to likely be an artifact of the pond design, resulting
in very high ammonia volatilization. This method, in addition to an adequate bioreactor design,
could be used for the treatment of anaerobic digestate effluent lending itself also as a means to
reduce ammonia volatilization.
In anaerobic digestions plants, CO2 for the cultivation of microalgae can be sourced in-house.
However, the additional cost of capture and transportation/transmission must be considered.
Depending on how biogas is utilized, there are different routes to capture CO2. Biogas mainly
consists of methane (CH4 ~ 65vol%) and carbon dioxide (CO2 ~ 35vol%), an upgrading process is
normally needed to remove CO2 and other unwanted impurities before it can be used as vehicle
fuel. The CO2 removed from the raw biogas can be captured and stored, leaving clean
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biomethane. Capturing CO2 from biogas upgrading can be categorized as pre-combustion capture
[130]. When raw biogas is directly used to produce power and heat through combined heat and
power (CHP) generators or burning in a combustor, the CO2 is captured from the exhaust gas.
Capturing CO2 this way is categorized as post-combustion capture. Pre-combustion capture yields
higher CO2 concentrations and purity due to the high CO2 content of raw biogas. On the other
hand, using biogas as fuel results in a low CO2 content in the exhaust gas; therefore, postcombustion capture from exhaust yield much lower CO2. Microalgae cultures can also be used to
capture CO2 directly from biogas by injecting the biogas into a closed algal cultivation system e.g.
closed glass photobioreactors and photobioreactor bags, simultaneously upgrading the biogas
and using CO2 as carbon source [85], [89], [90] (see table 1-4 for CO2 removal efficiencies).
1.4.3.2. Strain selection, acclimation, and diversification
A potential solution to the problem of nutrient/Ammonia toxicity in the cultivation of microalgae
in ADFE is the proper selection, diversification, and/or acclimation of algal strains. Native species
have been shown to perform better than other species in the commercial-scale cultivation of
microalgae in wastewater [131], [132]. Acclimation, in accordance with the local environment,
can facilitate the growth of native species and even physiological acclimation of commercial cells
in wastewater before their utilization have been shown to improve nutrient removal efficiency
[133]. The exact mechanisms through which microalgae adapt and acclimatize to toxic nutrient
conditions in wastewater are unclear. However, acclimation to wastewater tolerance has been
shown to correlate with higher accumulation of carotenoid pigments and increased ascorbate
peroxidase activity [134].
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High-diversity native microalgal systems can also result in more robust operation and higher
productivity. Compared to monocultures, microalgal consortia of higher diversity are considered
to be more stable (Lau et al. 1996) and less susceptible to invasion [135]. The diversification of
microalgae in cultivation systems can have a positive effect on the stability of the ecosystem, and
the use of consortia with species possessing different metabolic abilities enhances nutrient
retention, or strains with different light absorption spectrum [136]–[138] as well as overall
remediation capacity [139]. Also, mixed culture systems are cheaper and easier to operate and
maintain [140].
Recently, Ayre et al. [48] successfully isolated microalgae from several freshwater and
wastewater samples, combined and further acclimatized them resulting in a mixed culture
containing at least three microalgae species capable of growing on Anaerobic digestate effluent
of Piggery Effluent with Ammoniacal Nitrogen content up to 1600 mgL-1. They were able to
achieve biomass productivity of 315 mg m-2 d-1 in outdoor raceway pond with the addition of CO2,
keeping pH at 8 without optimizations or significant pre-treatment of the digestate. It is to be
noted that the study was mostly directed towards the acclimation of the microalgal consortium
in undiluted ADPE, and no real attempt was made to optimize any other growth parameters.
Their results demonstrated that microalgae consortium can be cultivated in undiluted ADPE to
avoid using fresh water for dilution, but the very high NH3-N (1600 mg L-1) led to low productivity.
1.4.3.3. Optimal and innovative pond and bioreactor designs
As previously stated, the most significant limitation to the cultivation and growth of algae is light
quality and quantity, and this limitation is more pronounced when dealing with turbid substrates
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like anaerobic digestates. Pond and bioreactor designs that improve the distribution and
utilization of light are a definite ‘yes’ for the cultivation of algae using Anaerobic digestates. In
the next sections, we discuss the available cultivation systems used for mass algal production
with an emphasis on wastewater treatment.
1.5. Microalgal cultivation systems
Algal cultivation systems can be broadly classified into open, closed, hybrid, and biofilm systems.
In open ponds, the algal biomass is exposed to the environment. Although open ponds are less
expensive to build and operate, they are limited by the inability to adequately control growth
conditions such as irradiance levels, temperature, and contamination. Open ponds include
paddlewheel driven raceway ponds, inclined thin layer ponds, circular ponds, and lagoons ponds.
Closed cultivation systems offer better control over-growth conditions and consequently allow
for higher productivities in comparison to open ponds. However, closed cultivation systems are
significantly more expensive than open systems to set up and operate. Closed cultivation systems
include tubular photobioreactors, flat panel photobioreactors, helical tubular photobioreactors,
and plate photobioreactors (vertical and horizontal). Other cultivation systems that do not
immediately fit into the categorization stated above are biofilm (solid) and hybrid cultivation
systems. The following sections discuss applications of some of the cultivation systems
mentioned above for the treatments of anaerobic digestate effluent.
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1.5.1. Open Pond Cultivation systems
Owing to their less capital costs and simplicity in construction, open ponds are the most
commonly used cultivation systems for mass algae cultivation [141]. Open cultivation systems
include paddlewheel driven raceway ponds, thin layer ponds, circular ponds, and lagoons.
1.5.1.1. Raceway Ponds
General raceway pond configurations consist of a closed circular loop typically with depth about
0.25 – 0.30m (Figure 1-1). Lower depths are preferred to improve light penetration, but depth
cannot be much less than 0.30m for large scale ponds [141]. Typically, the length of the strait of
the loop should be significantly larger than the width of the raceway. This is important because
if this ratio is too low flow disturbances at the end of the bends begin to affect the flow in the
straight channel leading to increased power consumption and dead zones, ultimately leading to
inadequate mixing. A high surface-to-volume ratio of the raceways is intended to provide a large
area for absorption of the sunlight required by microalgae to grow [142]. Flow requirements in
the pond should be such that flow is not laminar but turbulent to prevent algal cells from settling
at the bottom of the pond. Conditions should be optimized such that turbulence thresholds are
not exceeded, resulting in turbulence stress and death of cells in the medium [142]. Raceway
ponds are the most used open cultivation systems but are limited by low productivity and high
risk of contamination by other algae, bacteria, and protozoa which can diminish overall biomass
productivity and even outcompete the desired microalgae [141].
Raceway ponds are frequently used in the treatment of wastewater effluents and have been used
in the treatment of anaerobic digestate effluent, both diluted [102] and undiluted [48], [103],
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with various levels of biomass productivity and nutrient removal rates. This and further examples
are listed in table 1-4.

High rate algal ponds are shallow raceway ponds (figure 1-1) that were developed for wastewater
treatment by Oswald and his colleagues in the 1950s [143]. The term ‘high- rate pond’ was first
used by Oswald to describe raceway ponds that differ from other pond systems in that they aim
to maximize their algal biomass concentration to increase their wastewater treatment efficiency.
The depth of the ponds is dependent on the turbidity/clarity of the wastewater being treated,
typically between 0.2 – 0.6 m. Paddlewheel mixing (0.15 – 0.3m/s) causes turbulent eddy currents
that provide horizontal and some vertical mixing in the pond, required for the intermittent
exposure of algae to sunlight [144]. High-rate algal ponds are frequently coupled with Anaerobic
ponds and the substrate used in high-rate algal ponds is the supernatant from anaerobic or
facultative ponds. Though they are not generally used for the direct treatment of anaerobic
digestate effluents, they are used extensively for the treatment of wastewater [144]–[146] and
their closeness to the subject of anaerobic digestion warrants mention.
High rate algal ponds are considered low-cost due to less cost of operation, shorter hydraulic
retention time, and cheaper construction costs in comparison with other wastewater treatment
systems such as activated sludge systems [147]. High rate algal ponds retain the advantages of
conventional ponds (anaerobic, facultative) owing to simplicity and economy but overcome many
of their disadvantages (poor and inconsistent effluent quality, limited nutrient and pathogen
removal) and have the added benefit of recovering nutrients into harvestable algal biomass for
beneficial use as fertilizer, feed or biofuel [147].
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Figure 1-1: Left – Open raceway pond; source:[148]. Right- High rate algal pond; source: [149]

1.5.1.2. Inclined Thin Layer Ponds
Inclined thin layer ponds are open ponds inclined at an angle (figure 1-2). In this system, algae
culture flows down the inclined surface in a thin layer. The algae culture is collected at the bottom
end of the pond and recirculated to the top of the incline by a pump to repeat the flow [141].
Inclined thin layer ponds were first developed in the Czech Republic [150] where the system was
operated at culture depth of 4 – 6 mm, and flow rate of 8 cm.s-1 with continuous circulation down
a 3% inclined glass surface during the day. At night the culture suspension was kept in an aerated
tank. This operation was found to reduce the overall cost of pumping and reduce the need for
cooling the culture at night. The first thin layer inclined pond systems were fitted with baffles,
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which resulted in intensive mixing, limiting algal sedimentation, and increasing the frequency of
exposure of the cells to light and dark periods [150]. However, the baffles caused the
disadvantage of about two-fold higher investment costs compared with the regular raceway
ponds, high energy consumption for the operation of the pumps, labor-intensive and timeconsuming cleaning process for the inclined surface. These disadvantages were reduced in
subsequent models by reduced surface inclination and removal of the baffles [151]. The system
was operated at a 6 mm thick layer and was able to reach a very high algal density at harvest
[152].
The advantages of thin layer inclined ponds are as a result of the shorter light path resulting in
lower light attenuation, due to the thin layer of culture, high turbidity resulting in better mixing,
and better utilization of flashing light (light/dark periods) effect [151]–[153]. The advantages
associated with thin layer inclined ponds have been adequately substantiated with reports of cell
densities and productivities of 4.3 g algal DW L-1 d-1, net areal productivities of 38.2 DW L-1 d-1
with peaks of 50 DW L-1 d-1for the cultivation of Chlorella and Scenedesmus freshwater strains in
the Czech Republic and Greece [152], [153].
The advantages (thin culture layers and higher turbulent flow rates) of inclined thin layer ponds
are especially well suited for the case of anaerobic digestate effluents which have high turbidity
resulting in higher light attenuation. In view of the importance of light diffusion. Raeisossadati et
al. [41] investigated the use of a customized inclined thin layer pond for treating anaerobic
digestate from piggery effluent under the outdoor climatic conditions of Perth, Western
Australia. The inclined pond was operated at a depth of 5mm which allowed for improved light
diffusion and better light distribution. The lipid content of the biomass harvested from the
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inclined ponds was above 33%, indicating the possible application of the biomass for biodiesel
production. The inclined thin layer pond had better volumetric productivity in comparison to the
raceway pond (table 1-4). However, the raceway pond had better overall areal productivity. The
disparity between the volumetric and areal productivities was partly because the inclined pond
had an operational volume of 350L in comparison with the raceway pond with an operational
volume of 1500L for the same areal footprint in additional to other optimization issues. In
Raeisossadati et al. [41] study, the advantage offered by the thin layer inclined pond in terms of
improved light absorption per cell was insufficient to account for a smaller operational volume
per unit area. Volumetric productivity for the thin layer inclined pond will need to be much higher
to favorably compete with the open raceway pond in terms of areal productivity. In other words,
the cells should be able to absorb all the incident light (no light loss) and maximally utilize all the
absorbed light (no light inhibition) to achieve maximum productivity. This calls for optimization
of the thin layer open pond depth to achieve higher standing biomass concentration yield
resulting in higher areal productivity. Further studies on optimizing the inclined pond with various
depths were suggested and some opinions for such optimizations are discussed in the following
sections.
Optimizations of the depth of inclined thin layer ponds will provide insight on the limits to light
diffusivity and attenuation, especially regarding turbid substrates like undiluted anaerobic
digestate effluents. Though the higher turbulent flow rates of inclined thin layer ponds provide
better mixing capabilities, there might be a need for even more systematic mixing for better light
utilization given the nature of anaerobic digestate effluents.
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Figure 1-2: Left – Open Thin-layer inclined cascade photobioreactor. Source: [154]. Right – Thin-layer
inclined pond; source: [41]

1.5.1.3. Other Open cultivation systems
Other open cultivation systems used in the treatment of wastewaters are Shallow lagoons and
ponds, and Mixed ponds [141]. Shallow algae lagoons, ponds, and ditches are the oldest form of
wastewater treatment methods and have been used for thousands of years. Mixing in lagoons
and ponds is done by wind and convection and by careful management of the flow of fluids
through the ponds. Areal productivity in shallow lagoons and ponds is characteristically low [141].
Mixed ponds are typically about 50 – 80cm deep and the simplest kind of mixing is with aeration
from the bottom of the pond. However, mixing is mostly uneven and consequently, productivities
are low [141].
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1.5.2. Closed photobioreactors
Closed cultivation systems are generally made up of transparent plastic glass and are used to
grow microalgae [155]. Closed photobioreactors have lent themselves to several innovative
designs but are majorly divided into three types of designs: flat plate, tubular (figure 1-3) and bag
photobioreactors [155]. The advantages of the closed photobioreactors include the ability to
control the culture conditions (e.g., temperature, pH, irradiance), manage contamination more
effectively and reduced water loss due to evaporation which is prevalent in open systems;
dependent on climate conditions viz: solar radiation and wind velocity [156]. Mixing in closed
photobioreactors is achieved by recirculation using airlifts systems or external pumps [155],
[157]. Closed photobioreactor systems have been shown to produce high algal cell densities of
between 20 and 100 gL-1 allowing for a significant reduction in harvesting cost and capital cost of
the photobioreactors [155], [158]. In addition to disadvantages of high capital and operational
cost associated with closed photobioreactors stated earlier, there is also the problem of biomass
inhibition due to high concentrations of dissolved oxygen (DO). Difficulty in dealing with DO has
been shown to cause culture crash and also has been fingered as a major factor in limiting the
scaling up of closed systems [159]. The inhibitory effect of dissolved oxygen is majorly due to the
competitive inhibition of photosynthesis by dioxygen (O2), as O2 competes with CO2 for the active
site of Ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCo) [160]. At higher DO
concentrations, the result is reduced biomass productivity due to the photosynthetically wasteful
process of photorespiration [161]. Also associated with high DO is the prevalence of reactive
oxygen species (ROS) that may cause severe inhibition and damage the photosynthetic
apparatus, cellular membranes, DNA, and other cellular components of microalgal cells [159].
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Although high DO concentrations is also an issue with open pond cultivation systems, it is less
prominent and can be relatively easily ameliorated by deoxygenation systems involving some
form of circulation method [162].
Currently closed photobioreactors are only used commercially for the production of high valued
products due to the high capital and operational cost [157]. Pilot-scale applications of tubular
airlift photobioreactor systems in the treatment of wastewater have been demonstrated but, in
addition to the high cost of manufacturing, it is prone to severe biofouling [163]. Work has also
been done on the application of closed photobioreactors for the treatment of diluted anaerobic
digestate of swine slurry [164] and anaerobic digestate of swine slurry [48], [103] with various
biomass productivities and nutrient removal rates. However, the costs associated with them
outweigh any apparent advantages.

Figure 1-3: Biocoil photobioreactor; Source: Algae R&D Center, Murdoch University.
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1.5.3. Hybrid cultivation systems
Hybrid cultivation systems combine two or more bioreactors into a single process, usually in multi
phases presenting a synergistic effect exploiting the advantages of both cultivation systems while
minimizing inherent setbacks of the daughter systems, such as high production cost associated
with photobioreactors and contamination in raceway ponds [165]. Applications of hybrid systems
include the use of closed photobioreactor systems in combination with raceway ponds for the
multistage cultivation of algae. Examples include combining biomass production in air lift-driven
closed bioreactors with a separate high-lipid induction phase in nutrient deplete raceway ponds
[165]–[167].
The advantage of hybrid systems is that each part of the system can exploit its advantages to
maximal levels, and they are especially suited for processes that can be disjointed into multiple
stages as exemplified above. The disadvantages include high capital and operational costs,
especially if high valued products are not being produced. Currently, there is no literature on the
use of hybrid photobioreactor systems in the treatment of anaerobic digestate effluent, but the
intuition of the system is straightforward and can be adopted and adapted if the economics are
right.
1.5.4. Biofilm cultivation systems
Microalgal biofilm culture systems are an alternative to suspension-based cultivation systems
found in both open and closed algal culture systems. Microalgal biofilm systems have the distinct
benefit of reducing the cost associated with harvesting algal cells [168]–[171]. In microalgal
biofilm systems, the algae cells are attached to a material surface, keeping them in place while
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nutrients run over the surface. Cells are harvested after cultivation by scraping them off the
surface of the material [172], [173]. The harvested cells have a high solid content which has been
demonstrated to be as high as10 – 20% obtained in a rotating algal biofilm (RAB) cultivation
system [174]. This is similar to what is obtainable in post-centrifuged algal biomass from
suspension-based cultivation systems. Microalgal biofilm systems also have the advantage of
minimizing light limitation and enhancing of CO2 mass transfer. Solid retention time of cells
without wash-out is also increased because of the separation of the cells and the liquid medium
[170].
Biofilm cultivation systems can also be selective in regard to the type and species of cultivated
algae. This is because the propensity of the microalgae strain to attach to the surface of the
attachment material is a critical factor. The tendency of microalgae cells to attach to the surface
of any material depends on the surface properties of both the microalgae (this varies between
and within species) and the substrate [170]. Compatible surface hydrophobicity of the solid
supports and the cells is an essential parameter for defining the mechanism of cellular adhesion
to the solid surfaces [175]. Generally, microalgae cells have negatively charged surfaces that help
repel other negatively charged cells and thus prevent unnecessary flocculation [176]. The
strength of the negative charge also determines the hydrophobicity of the cell membrane, and
cells that are more hydrophobic tend to form biofilms more easily [177].
Over time, several microalgal biofilm systems have been developed depending on the desired
application, with different geometry, attachment material, and orientation. They can be
classified into perfused, submerged, horizontal, vertical, and rotating systems [178], [179].
Inclined microalgal biofilm reactors, belonging to the perfused systems, have been established
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as being the most efficient as limitations owing to less contact time observed in vertical reactors
and inefficient light utilization in horizontal reactors can be minimized by using an inclined
support system [170]. Also, submerged systems like Algal Turf Scrubber (ATS™) (figure 1-4),
phototrophic biofilm incubator, biofilm flow cell, rotating microalgal biofilm reactor (RABR) have
been successfully developed at large scales for wastewater treatment [104], [169], [172].
There is evidence of high biomass areal productivities using microalgal biofilm systems [180], and
areal productivities have been recorded to be as high as 25 - 31 g m-2d-1 [104], [172]. However,
the systems face challenges of high evaporation losses and high operating costs. Though biofilm
cultivation systems might be uniquely suited for use with turbid substrates (owing to a very thin
fluid layer of the substrate), the available literature reports on microalgal biofilms systems are
limited to municipal wastewater with only few studies on animal manure and anaerobic digestate
[104], [180] (table 1-4).
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Figure 1-4: Biofilm Algal Turf Scrubber raceway (ATSTM); Source: [104]

1.5.5. Optimizations in cultivation systems design
Since dilution, to reduce turbidity, is deemed inefficient then innovations in bioreactors must
focus on smarter ways to deal with light attenuation and light utilization. Optimizations in
bioreactor design can also help to alleviate problems arising from the low mass transfer efficiency
of CO2 from gaseous to liquid phase, increase residence time, retention, and diffusivity of CO2.
Regarding light utilization, two polar cases must be considered, and a proper balance struck
between them. These cases are photolimitation and photoinhibition. As the terms imply,
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photolimitation occurs when the light available is not sufficient (low irradiance) to allow for
maximal algal growth while photoinhibition, which can lead to photodamage, occurs when the
light available is in excess (excessive irradiance) of the saturation point for algal growth. As stated
previously, photosynthesis is seen to correlate with an increase in light irradiance until maximum
algal growth is achieved at the light saturation point, so light distribution should be such that it
is between these limits. In cultivation systems, the effect of zones of photolimitation (dark zones)
increases collinearly with cell biomass concentration and productivity decreases until zero in
those zones [181]. In turbid substrates like digestates, high light attenuation and decreased
productivity due to dark zones is even more pronounced leading to more algae cells being
subjected to photolimitation and photoinhibition further increasing the need for better light
distribution systems in ponds and bioreactors. Light distribution systems are mainly divided into
two: temporal and spatial light dilution systems [182].
Temporal dilution is based on high turbulence, moving the algae cells rapidly between the light
and dark zones of the culture vessel. This is also termed the ‘flashing light effect.’ This leads to a
dilution of the photosynthetic photon flux density (PPFD) over time [182]. It has been known for
years now that the efficiency of light utilization by microalgae can be significantly increased by
exposing the cells to alternating periods of light and dark [183]. However, it has also been
established that random turbulence is insufficient to take full advantage of the flashing light
effect to any significant degree [184] and utilization of the flashing light effect requires a
nonrandom mixing pattern in which cells are exposed to regular cycles of light and dark [185].
Vortex generating devices like airfoils, delta wings, baffles, cylinders, etc. can be installed in
photobioreactors. Foils similar to airplane wings to create systematic mixing in a raceway pond
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increased photosynthetic efficiencies in an experimental culture of P. tricornutum 2.2-2.4 folds
[183]. Huang et al. [186] simulated the hydrodynamic characteristics of wing baffles similar to
those used by Laws et al. [183] in a raceway pond to achieve biomass increase of 30.1%. The
raceway with installed wing baffles produced 127% increase in velocity in the direction of light
attenuation (vertical velocity). However, these wings increased flow resistance, thus increasing
energy consumption. Similar design with wing baffles in raceway ponds resulted in significant
increases in biomass and vertical velocity [187], [188]. Addition of baffles in inclined thin layer
ponds have also been investigated [151] indicating increased productivity but at the cost of
increased power and labor. Depth optimization for the channel flow in inclined thin layer ponds
potentially could improve productivity significantly. In a regular raceway pond, there is sufficient
culture depth to absorb all the incident photons into the system, (the actual usage of the photons
by the cells is another issue) leading to a spatial productivity (condition of possible
photoinhibition at the surface from high irradiance, a region with optimum productivity, and
photolimitation at the bottom of the pond where no light is available). The incident photons
received/reaching the surface area of the inclined thin layer pond will not all be absorbed by the
microalgae cells, and this is even more obvious in a thin layer pond. Being that the layer of
microalgae flow is very thin, a lot of the photons reaching the surface of the pond will be lost as
heat and by reflectance from the bottom of the pond. Only a proportion will be absorbed by the
algae (this is a function of the light path, the mass absorption coefficient of the algae cells and
the culture biomass concentration). In climates of high solar irradiance there might be significant
photoinhibition on the surface of the incline. Increasing the depth of the flow should allow for
some temporal diffusion of the light allowing for more penetration to the deeper depths.
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Moheimani and Borowitzka [189], have demonstrated that pond depth in a regular raceway pond
was a significant factor in increasing the productivity of microalgae due to the reduction of dark
zones (and photolimitation) at the bottom of the ponds. The same reasoning can be applied to
inclined thin layer ponds. Temporal light diffusion/ flashing light systems are effective and more
suited to open pond cultivation systems and invariably, may be more suited for application in the
optimization of cultivation systems used to treat anaerobic digestates.
Spatial diffusion systems collect light/irradiance and distribute it over larger surface areas. The
idea is to effectively collect irradiance and deliver to microalgal cultures at saturation light
intensities and thus, effectively reducing effects of photoinhibition [182]. These systems can also
be used to direct light to the inside and depths of culture vessels, thereby helping to alleviate the
problem of photolimitation. Examples of spatial distribution systems include Luminescent Solar
Concentrators (LSCs), optical fibers and translucent cones. The earliest application of spatial
diffusion was with the use of glass and plastic cones to distribute light over larger surfaces/depths
of a small scale algal bioreactors cultivating Chlorella sp. and saw an increase of 2 folds for
biomass yields [190], [191]. Translucent Perspex cones have also been used to spread light into
a 1-meter deep pond reducing photolimitation and increasing productivity by 28% [192]. Takano
et al. [193] used light diffuser optical fiber (LDOF) bundles to spread light to the middle of a
bubble column photobioreactor and were able to increase biomass productivity 4.2 folds. Using
LSCs for microalgae cultivation systems have been reported with varying levels of improved
productivities [194]–[197]. Ogbonna et al. [198] used Fresnel lenses to collect solar light (also
filtering off most of the ultraviolet and infrared wavelengths) and distributed the solar light using
optical fibers into indoor photobioreactors. Some of these systems (e.g., optical fibers) may be
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better suited for closed photobioreactors than they are for open ponds while some (e.g.,
translucent cones) may be better suited for open ponds. The cost, however, must be carefully
considered. Generally, spatial diffusion systems are considered more expensive than temporal
diffusion systems and are not frequently used in open cultivation systems. However, there are
arguments to the contrary [199].
Cultivation of algae in Anaerobic digestate will almost certainly be done using outdoor, open
cultivation systems since low cost and simplicity are strongly desired. Therefore, light utilization
optimization systems should lean towards systems that are easily and cost-effectively applicable
to open systems.
An advantage that temporal light diffusion methods have over spatial diffusion methods is that
it, by virtue of its nature and configuration, increases mass transfer. There is evidence of the
increase in bubble dispersion and volumetric mass transfer in both raceway ponds [200], [201]
and closed photobioreactors [202] due to vortices and vertical mixing. Cheng et al. [201]
investigated the effect of permutated conic baffles generating both vertical and horizontal vortex
flow and reported that vertical shear produced by vertical vortices decreased bubble diameter
and generation time of CO2 injected into the medium, while horizontal shear increased residence
time. There is also report that vertical mixing, and vertical vortices increase CO2 residence time
and increase bubble generation time in optimized flow fields in raceway pond. The decreased
generation time and increased residence time of the bubbles promoted microalgae biomass yield
by 29% [203]. The geometry of the CO2 diffusers used to inject CO2 should also be considered
carefully.
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Smart application of the above knowledge could allow for a significant increase in productivity in
the use of anaerobic digestate effluent as a growth medium for microalgae given the challenges
and limitations of said medium.
1.6. Economic advantages of microalgal ADFE treatment
The benefits of anaerobic digestion for the treatment of organic waste cannot be denied but the
economics of running anaerobic digestion plants, especially for source segregated food waste, is
not exactly attractive, even if it is to be incentivized [20]. In addition to better process control for
anaerobic digestion processes, there is the need for the re-use of wastes that come from the
process (e.g., digestate) for further product extraction. Anaerobic digestates hold a lot of
nutrients that can be valorized and potentially improve the economics of anaerobic digestion.
For every ton (1,000kg) of feedstock entering an anaerobic digestion plant, 900 to 950kg of
digestate is produced [4]. Figure 1-5 shows potential paths for the utilization of biomass gotten
from the cultivation of microalgae using ADFE.
Algae biomass gotten from cultivation on ADFE can be converted into a variety of products. Lipids
from the biomass can be converted into biodiesel [204], [205], biomass can also be used as animal
feed, or biofertilizer [97], [206], residues from microalgae cultivation can be used for bioethanol
and biobutanol fermentation [207]. The algal biomass from microalgae cultivation can also be
used as feedstock for anaerobic digestion (table 1-2). The water from the treated waste can be
used for other operational and production processes where non-portable water is required [208].
It has also been shown that the water gotten from the algal cultivation in digestates can be
recycled and used for algal cultivation satisfactorily [38]. These all represent potential additional
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revenue streams and cost cuts for operators of anaerobic digestion plants. Further, the
microalgae debris after lipid extraction can be recycled for digestion or co-digestion in anaerobic
digestion, and is a promising way to enhance methane production [92], [205], [209], [210]. This
can potentially result in a closed loop for the treatment of food waste. For larger industrial waste
plants of raw biogas capacity ranging between 1,000 - 2,000 m3 h-1, the costs of biogas upgrading
range between $0.09 and $0.18 per m3 of biomethane produced. This means that for a 30,000
ton/year plant, producing a maximum of 7.8 million m3 of biomethane per year, upgrading would
add between $700,000 and $1,400,000 in costs [4]. Microalgae cultivation can be utilized for
upgrading biomethane produced from anaerobic digestion plants while simultaneously
producing algae biomass [85], [90], [99] resulting in significant savings in the process.
Various economic assessments have been made for treatment and valorization of anaerobic
digestates using microalgae and have somewhat come to similar conclusions. A techno-economic
analysis made on the cultivation of microalgae on abattoir waste anaerobic digestate effluent
shows that the approach can be economically feasible if done right. The significant parameters
to consider in the large scale cultivation of microalgae are daily algae production (productivity),
pond area, nutrient-depleted water for recycle, total capital expenses (CAPEX), total operational
expenses (OPEX) and algae production cost [208]. Sensitivity analysis showed that microalgae
productivity (specifically areal productivity) is the most influential parameter on the economics
as it has a direct impact on cultivation area capital cost, cost of water and OPEX [208]. Technoeconomic analysis done of the cultivation of microalgae on anaerobic digestate piggery effluent
(ADPE) also shows that the most critical parameter is areal productivity and also that open pond
systems are more economical when compared to closed systems like Biocoils [211]. These
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techno-economic analysis alludes to the fact that selection of tolerant, high-performance strains,
and cultivation process optimization are integral to making microalgal cultivation on anaerobic
digestate effluent economically feasible.
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Figure 1-5: Microalgal culture to treat ADFE flow chart.
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1.7. Conclusions
Anaerobic digestion is a reliable technology for recycling bioenergy from food waste.
However, it leaves a waste product in the form of anaerobic digestate effluent with a
significant amount of nutrients, that itself is difficult to dispose of effectively. The use of algae
to reduce the nutrient load of ADFE is a viable option because of the many opportunities that
algae propagation affords and the cost cuts using anaerobic digestate effluent as a nutrient
source for algae allows. Also, the valorization of waste (anaerobic digestate effluent) from the
anaerobic digestion of food waste will improve the economics of anaerobic digestion
processes. The use of digestate as a nutrient source for the cultivation of algae has its
challenges due to high turbidity and toxic nutrient concentrations. The path to improvement
of the treatment and valorization of ADFE with microalgae lay in the selection of microalgal
strains able to tolerate the toxic nutrient concentrations of ADFE and smart
photobioreactor/pond designs to maximize light utilization and photosynthetic efficiencies of
the algae considering the turbidity of ADFE.
Recent attempts to acclimatize and cultivate microalgae in very high concentrations of ADPE
[48] has greatly emphasized the potential of that approach, setting the pace for further
bioprospecting and acclimation studies and application to other digestates (e.g., ADFE). Also,
innovative cultivation ponds like the inclined thin layer pond are uniquely suited for the use
of ADFE owing to its ability to support high concentrations of algal biomass. The advantages
of the inclined thin layer pond, as stated previously, lies in its thin layer of cultivation enabling
a much shorter light path and consequently reduced light attenuation. However,
optimizations in terms of temporal light diffusion, operational depth, and operational
inclination are to be made and have also been suggested by its innovators [151]–[153], [212].
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Thus far no literature is available on the use of Inclined Thin Layer ponds in the cultivation of
algae using ADFE, or on the optimization of the depth, inclination and mixing speed of the
thin layer inclined pond.
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1.9. Aim and outline of this thesis
The aim of this thesis was to optimize operational conditions for the growth and cultivation
of microalgae under outdoor conditions in a thin layer inclined pond, using effluent from
anaerobic digestion of food waste as a source of nutrients. The goal was to maximize biomass
productivity through maximizing the efficiency of light utilization required for microalgae
growth in the thin layer inclined pond. The objectives were to identify microalgae capable of
adequate growth in food waste digestate and cultivate them in a cultivation system that
ensured significant improvement in biomass productivities when compared to conventional
systems (e.g. paddle wheel driven raceway ponds) previously used for the treatment and
valorization of digestates using microalgae.
In chapter 2, a bioprospecting and selection study to screen for microalgae species capable
of adequate proliferation in various strengths of food waste digestate. This was carried out to
select for strains of microalgae capable of tolerance for high concentrations of ammonia
nitrogen as found in food waste digestate.
In chapter 3, a study of the possible mechanisms employed by the microalgae species of
choice for ammonia nitrogen tolerance was carried out in an indoor study. This was
performed as a prerequisite to the outdoor study on optimization of the thin layer inclined
photobioreactor. Emphasis was placed on the interaction between high irradiance and
ammonia concentrations in the food waste digestate as insight to expected behavior of the
microalgal species to high irradiance profiles in outdoor conditions.
In chapter 4, an optimization study focusing on the depth of the thin layer inclined
photobioreactor was carried out using selected microalgal species, and food waste digestate
as the nutrient source. The aim of this was to maximize biomass volumetric and areal
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productivity through ensuring that maximal light distribution in the thin layer inclined
photobioreactor was achieved and understood, choosing a cultivation depth that both
allowed for maximal light distribution inside culture the column and did not compromise
much on biomass areal productivity.
In chapter 5, a study was performed to study the possibility of using food waste as source of
nutrients for the cultivation of Dunaliella Salina, a high value species that is much more
intolerant to high ammonia nitrogen concentrations. This study was an attempt at a higher
valorization of food waste digestate aimed at a high value product in the form of β-carotene.
It also an aimed at further understanding the mechanisms of inhibition of carotenogenesis of
Dunaliella Salina by ammonia nitrogen.
In chapter 6, a study comparing the optimized thin layer inclined photobioreactor to an open
raceway pond under the same outdoor condition of Murdoch, Western Australia was
performed to verify and ascertain the advantage of the thin layer inclined photobioreactor
over regular cultivation systems like the open raceway pond in the growth of the select
microalgae species, using food waste digestate as the singular source of nutrients. The
emphasis was on biomass productivity and nutrient removal capacity of the systems. Light
profiles and distribution in-situ the systems were also comparatively studied.
In chapter 7, a summary of the cumulative results of the study is outlined, highlighting the
major findings, their contributions to scientific knowledge, and future directions and studies
that can be pursued.
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CHAPTER 2
Chapter preface
The challenges facing the treatment of food waste anaerobic digestate by microalgae and its
simultaneous use as a singular source of nutrients for the cultivation of microalgae were
discussed in detail in chapter 1. It is obvious from the data in literature that the most
significant issues with this digestate are its turbidity and extremely high ammonia nitrogen
concentration. One simple solution to these challenges is the dilution of the digestate to levels
that allow for the proliferation of the microalgae species intended to be used for the
treatment and valorizaiton of the target digestate. However, given the extremely high
concentration of ammonia nitrogen in the food waste digestate, dilution to levels tolerable
for most microalgae species will require quantities of fresh water that would simply be
uneconomical and unsustainable. The following chapter describes my study that attempts to
mitigate against the challenge of ammonia toxicity by finding microalgae species capable of
tolerance and proliferation in high concentrations of ammonia nitrogen, and acclimating
microalgae species to tolerate high concentrations of ammonia nitrogen. The desired
outcome of the described study was to identify microalgae species that could be cultivated in
food waste anaerobic digestate without the need for dilution, or a significant reduction in the
amount of dilution needed.
Published as: David Chuka-ogwude, James C. Ogbonna, Michael A. Borowitzka, Navid R.
Moheimani. Screening, acclimation, and ammonia tolerance of microalgae grown in food
waste digestate. Journal of Applied Phycology (2020), 32, 3775–3785. Doi:
https://doi.org/10.1007/s10811-020-02276-0, Impact factor: 3.215
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2.1. Abstract
Anaerobic digestate of food waste as a waste product of anaerobic digestion contains a
significant amount of nutrients making its direct disposal prohibitive due to environmental
regulations. However, the nutrients in this waste are a valuable feed stock for waste-to-product
endeavours such as microalgae cultivation coupled to the treatment of the digestate. A limitation
to this path is the high toxic concentration of ammonia-nitrogen in the digestate which limits
microalgae growth, leading to the requirement for significant dilution. This study focused on the
bioprospecting and sourcing of species capable of sustained growth in very high concentrations
of ammonia nitrogen. Ten (10) native strains were isolated, comprising mainly of unicellular
microalgae, a colonial species, and a filamentous species. Three (3) unicellular species were
chosen (Chlorella sp, 271, Scenedesmus obliquus, Mur 272, and Oocystis sp, Mur 273) and
screened alongside previously isolated strains (Scenedesmus quadricauda, MUR 268, Chlorella
sp, Mur 269 and Scendesmus dimorphus, Mur 270) which had undergone long term acclimation
in digestate. The results show that the most tolerant of the newly isolated strains was MUR 273
(Oocystis sp), capable of proliferation in up to 600 mg L-1 NH3-N concentration in digestate. The
maximum specific growth rate, µmax, of MUR 273 was 0.36 ± 0.01 d-1 at 150 mg L-1 NH3-N. The
results indicate that Mur 273 displayed tolerance levels similar to that obtained with Mur 268
which had previously undergone long term acclimation in digestate and could potentially be used
in the treatment and valorization of Anaerobic digestate of food waste with significantly less
dilution.
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2.2. Introduction
Anaerobic digestion is one of the most attractive and sustainable options for the valorization of
high organic content waste (Chuka-ogwude et al. 2020). This is, in most part, related to its
application in the production of renewable energy in the form of biogas which is directly
applicable as fuel and/or electrical energy in both domestic and industrial settings. The feedstock
for anaerobic digestion includes maize silage, swine and cattle manure, dairy wastewater,
municipal wastewater sludge and food waste (Cuetos et al. 2008; Dębowski et al. 2017). Food
waste is particularly attractive as a feed stock for anaerobic digestion as it has been
demonstrated to have higher biogas yields in comparison to other organic wastes and it does not
contain toxic chemicals (Curry and Pillay 2012). It is also in abundant supply, as roughly one-third
of the edible food (about 1.3 billion tons) is wasted annually (FAO 2011). Anaerobic digestion
process produces liquid residue in the form of digestate that is turbid and contains high nutrient
concentrations that cannot be directly discharged into water bodies and pose a challenge for
currently available wastewater treatment methods. Microalgae cultivation using digestate as
nutrient source has been identified as a potential solution for both treatment and valorization of
digestates (Xia and Murphy 2016; Koutra et al. 2017; Chuka-ogwude et al. 2020).
Microalgae have been cultivated for wastewater / effluent valorization and treatment on a wide
variety of wastewaters including digestate (Renuka et al. 2015; Wang et al. 2016; Chuka-ogwude
et al. 2020). While digestates contain a significant amount of nutrients in the form of nitrogen
and phosphates that are much needed in the cultivation of microalgae, there are significant
challenges to their usage. The most prominent of these challenges are turbidity, which directly
affects light availability, and ammonia toxicity which is as a result of the high ammonia nitrogen
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concentrations obtainable in anaerobic digestate (Lei et al. 2007; Wang et al. 2010; Nwoba et al.
2016; Ayre et al. 2017). For example, food waste anaerobic digestate contains ammonia nitrogen
concentrations of over 3000 mg L-1 (Nwoba et al. 2019; Chuka-ogwude et al. 2020). The
aforementioned challenges are generally alleviated by diluting the digestates before use (Abu
Hajar et al. 2016; Torres Franco et al. 2018). However, dilution has been analysed as being both
economically and environmentally unsustainable due to the significant amount of freshwater
that will be required at large scale (Lange 2017). Proposed solutions to the above challenges
include the use of acclimatized and/or native algal species capable of growing in high
concentrations of ammonia nitrogen to deal with toxicity and minimize the need for dilution of
the digestate using freshwater, and the use of cultivation methods / reactors that maximize the
availability of irradiation reaching the cells under turbid growth conditions (Ayre et al. 2017;
Raeisossadati et al. 2019a; Chuka-ogwude et al. 2020). The isolation and acclimation of
microalgae capable of growth in anaerobic digestate of piggery waste, at ammonia nitrogen
concentrations of up to 1500 mg L-1 has been demonstrated by Ayre et al. (2017), though very
low biomass productivity of 315 mg m−2 d−1 was achieved. This however has demonstrated the
prospect of tolerant strains of microalgae capable of growing in extreme concentrations of
ammonia nitrogen and the utilization of these strains for the treatment and valorization of
digestates. In this study, further bioprospecting for microalgae species in the tropical region of
Nigeria, Africa, was carried out to find species capable of growing in high concentrations of
ammonia nitrogen. The species were further acclimatized in synthetic media with high ammonia
nitrogen concentrations and then screened for growth in anaerobically digestate food waste
effluent alongside previously isolated and acclimatized species.
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2.3. Materials and methods
2.3.1. Field sampling
Water samples with visible microalgae populations were collected in 50 mL falcon tubes and
taken to the laboratory in the Department of microbiology, University of Nigeria. Sites from which
the water samples were obtained include: waterlogs around an un-kept park in Asaba, Delta
state, Nigeria, multiple points along the water front of Ugwu-omu lake in Enugu State, wash sites
from a local piggery in Nsukka, Enugu state, the facultative pond of a two stage (anaerobic pond
+ facultative pond) waste stabilization pond system (WSP) of the University of Nigeria, Nsukka,
and microalgae laden fish ponds also in University of Nigeria, Nsukka. All field samples were
maintained at 40C in ice-packed insulated flasks while in transit to the laboratory.

2.3.2. Microalgae Isolation and acclimation
Field samples (50 mL volume) were enriched with 50 mL of Chu 13 medium (Chu 1942) modified
by replacing the nitrogen source (KNO3) with NH4Cl, in conical flasks for 10 days to increase the
population of microalgae. The enrichment cultures were mixed by aeration at 0.1 L m-1 air flow
rate under light intensity of 100 µmol m-2 s-1 provided by cool fluorescent lights (14-hour light 10hour dark cycle) at room temperature (23 – 25

o

C). After enrichment, serial dilutions of the

cultures were made, and 1 mL of the diluted sample was transferred to Petri dishes containing
agarized modified Chu 13 medium and spread evenly across the surface and then incubated for
14 days under 100 µmol photons m-2 s-1 irradiance. From the grown plates, visible algae colonies
were streaked onto fresh media plates as described by Anderson & Kawachi, (2005). The colonies
that were streaked to fresh plates were dependent on the amount of contamination on the plates
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and distinction of the algae colonies, based on colony morphology and microscopic cellular
morphology of the isolates. Streaking was repeated until uni-algal culture plates were obtained.
For colonies that had bacteria contaminants tightly coupled to them, bacteria load was reduced
as described by McDaniel et al. (1962). Two (2) mL of Morning Fresh detergent (PZ cussons®, an
anionic surfactant-based detergent) was added to 50 mL of culture medium containing 0.3 to 0.8
mL of centrifuge-packed cells and agitated vigorously with a vortex mixer. 2 mL of the mixture
plus 8 mL of 1% phenol solution were vortexed for 20 seconds in a falcon tube, allowed to stand
for 15 min, and centrifuged at ≈ 3000 rpm for 15 min. The supernatant was discarded, and 10 mL
of distilled water was added, and then vortexed to disperse the cells. After centrifuging for
another 15 min, the supernatant was discarded, and the residue streaked unto media plates as
described above to obtain uni-algal plates. Isolates were labelled and maintained as stock
cultures prepared by inoculating colonies from the media plates into Chu 13 nutrient medium.
Figure 2-1 describes the isolation process in a flowchart.
After obtaining uni-algal cultures, the isolates derived were further grown in high ammonia
nitrogen concentrations in modified Chu13 medium, containing 800 mg L-1 ammonia nitrogen.
The cultures were grown in 250 mL flasks with aeration at 0.1 L m-1 air flow rate under light
intensity of 100 µmol m-2s-1 provided by cool fluorescent lights (14-hour light, 10-hour dark cycle)
at room temperature (23 – 25 o C). This was carried out as a preliminary combined screening and
acclimation procedure, by growing the microalgae species semi-continuously for six (6) weeks in
modified chu 13, replacing 30% of the culture volume every 7 - 10 days. Microalgae species
capable of growing and surviving best over the period of acclimation, characterized by higher
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proliferation and higher specific growth rates (µmax), were used for the next stage of screening in
ADFE.

2.3.3. Microalgae screening in ADFE
To screen for the most suitable species capable of growth in ADFE, the best species from the
isolation and preliminary screening stage described above, alongside previously isolated tolerant
species from the Murdoch University Algae R & D Centre maintained in piggery waste digestate,
were screened by growing the species in varying dilutions of ADFE that had NH3-N concentrations
of 50, 150, 300, 600, 900 and 1500 mg L-1 as shown in figure 2-2. Microalgae cells were obtained
at the late log phase cultures of each species by centrifuging the cultures at 3000 rpm for 15
minutes using a graduated centrifuge tube (Ketchum and Redfield 1949; Krauss and Thomas
1954), and 100 µL packed cell volume (PCV) was used to inoculate 25 mL of the varying dilutions
of ADFE in individual 50mL flasks. The experiment was performed in quadruplicate for each
species and each NH3-N concentration level (4 x 6 matrix for each species). The cultivation was
done on rotary shakers at 120 rpm under 150 µmol m-2 s-1 of photosynthetically active radiation
(PAR) on a 12-hour light cycle. The experiment was performed in a temperature and humiditycontrolled culture room at 210C temperature and 24% humidity. The screening experiment ran
for 15 days, and 2 mL of the culture were sampled for pigment concentration and maximum
quantum yield (max operating efficiency in light) of photosystem II (PSII), Fv’/Fm’, every 4 days
(with the exemption of the last sampling point, which was 3 days interval).

89

Figure 2-1: Diluted ADFE to various NH3-N concentrations; from left to right in increasing order
of concentration: 50, 150, 300, 600, 900, 1500 mgL-1 NH3-N; turbidity ranging incrementally
from 184 – 5600 NTU.

2.3.4. ADFE and growth media
The anaerobic digestate of food waste (ADFE) used in this study was obtained from Richgro
anaerobic digestion plant, 203 Acourt Rd, Jandakot Western Australia, 6164. The digestate was
used directly, unfiltered, and untreated, only diluted to the required ammonia nitrogen
concentrations. The chemical composition of the raw ADFE is summarised in table 2-1.

Table 2-1: Physiochemical properties of raw undiluted Anaerobic digestate of food waste
(ADFE) used in this study. (Mean ± SD, n = 6, n = number of replicates)
Parameter

Value

Ammonia (mg NH3-N L )
−1

3800 ± 72.4

90

Nitrate (mg NO3-N L−1)

<1

Chemical Oxygen Demand (COD) (mg L )
-1

Nitrite (mg NO2-N L−1)

40,604 ± 144
<1

Phosphate (mg PO4-P L )

290.3 ± 10.4

Turbidity (NTU)

14000 ± 25

pH

8.13 ± 0.27

−1

2.3.5. Analytical procedures
For the isolation and acclimation stages done in clear synthetic media, cell concentration of the
microalgae was evaluated through direct microscopic count using a Neubauer haemocytometer
and growth rates and productivities were calculated based on the changes in cell concentration
over time according to methods described by Moheimani et al. (2013). In the acclimation stage,
maximum specific growth rate, µmax was calculated for each cycle of the semi-continuous growth
as a criterion for fitness of the species in ADFE, modified and adopted from methods performed
in adaptive laboratory evolution (ALE) experiments (Lee et al. 2011; Dragosits and Mattanovich
2013). However, the fitness criterion here better describes intrinsic tolerance more than adaptive
evolution. Microalgae growth in the screening experiment, was monitored by changes in the
concentration of chlorophyll ‘a’ through the course of the experiment. Chlorophyll ‘a’ was used
as a proxy for biomass concentration due to complications in obtaining reliable biomass
measurements at higher concentration of ADFE. At concentrations above 600 mgL-1 NH3-N, ADFE
tended to be significantly more difficult to filter, requiring dilution. Dilution made changes in
biomass at lower cell concentrations (especially where death rate measurements were desired)
difficult to detect. Spectrophotometric detection of chlorophyll ‘a’ change along with
fluorometry, proved more reliable at lower cell concentrations in this situation. Chlorophyll a
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concentration was used as a proxy for biomass change as it is used in phytoplankton ecological
studies (Gao and Tam 2011; Brewin et al. 2019) and as used in microalgae cultivation in digestate
by Krustok et al. (2015). Sample collection for pigment analysis, and pigments extraction were
performed by methods described in Moheimani et al. (2013) and chlorophyll ‘a’ quantified by
equations outlined by Jeffrey & Humphrey, (1975). The physiochemical properties of raw ADFE,
and ammonia nitrogen (NH3-N) in the cultures were determined using a Hanna HI83099 COD and
Multiparameter Laboratory—Photometer (Hanna Instruments, Romania) using its proprietary
reagents based on standard methods. Specific growth rate (µ) was calculated via standard
equations as outlined by Moheimani et al. (2013). The maximum quantum yield in actinic light,
Fv’/Fm’ of the cultures was used as an indicator of stress on PSII of the species (Murchie and
Lawson 2013) using a portable chlorophyll ‘a’ PAM fluorometer (AquaPen-C, Photon Systems
Instruments, Czech Republic). Sampling was done as described previously, directly from the
culture flasks.
To quantitatively describe tolerance of the species in the screening experiment, specific growth
rate µ (both growth rates and death rates), was used as a fitness criterion. µ was calculated at
each time step (4, 8, 12, 15 days) for each species and for each ammonia treatment level (50,
150, 300, 600, 900, 1500 mg L-1 NH3-N). The harmonic mean of growth rates Hµ, was used as a
fitness value, calculated as �

−1
∑𝑛𝑛
𝑖𝑖=1 µ𝑖𝑖

𝑛𝑛

−1

� (i = timestep count, n = number of timesteps sampled).

Fitness of each species at each treatment level, was calculated through 0 – 12 days (end of log
phase) effectively quantifying mean rate of growth, incorporating growth patterns, before
stationary phase. The significance of this is that the total response of the microalgae through all
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the growth phases is incorporated into the fitness value in contrast to using just µmax which is a
‘snapshot’ metric of only the best conditions. Overall fitness of each species was represented as
1

average fitness across all levels of treatment calculated as 𝑛𝑛 ∑𝑛𝑛i 𝐻𝐻µ𝑖𝑖 , (i = treatment count, n =
number of treatments considered).

2.3.6. Statistical analysis
All the experiments were carried out in quadruplicates, n = 4, and the results expressed as mean
± standard error. Factorial repeated measures ANOVA was used to determine interaction effects
between species and treatment levels, and simple effect of treatment levels on both specific
growth rates and Fv’/Fm’ of the species. Bonferroni post-hoc test was used for multiple
comparison of the within-treatment factor (timestep). One-way ANOVA was used to determine
differences between fitness at each treatment level, and overall fitness of species, followed by
Bonferroni post-hoc test. Significance was based on P < 0.05. Statistical analysis was performed
using IBM SPSS version 26 for Windows.

2.4. Results
2.4.1. Isolation and acclimation
Preliminary identification of the isolates was based on the morphological appearance (shape and
colour) on agar plates and on their microscopic cellular appearance at 40x magnification under a
light microscope. The isolates ranged in morphology from microalgae with unicellular to colonial
formations and filamentous forms. The isolates were identified to species level where possible,
based on microscopic morphological examination as described in Bellinger and Sigee (Bellinger
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and Sigee 2010). At the end of the isolation stage, 10 microalgal isolates were obtained from the
7 sampling locations in Nigeria, which spanned two states (Delta state and Enugu state). The 10
microalgae isolates were found to include Chlorella sp, Coelastrum sp, Monoraphidium sp,
Scenedesmus obliquus, and Oocystis sp with Chlorella sp being most recurrent as listed in table
2-2 and depicted in figure 2-3. Isolates of Monoraphidium sp (Ugl2) and Coelastrum sp (Ugl3)
were

Figure 2-2: Flow chart of microalgae isolation process.
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difficult to grow on agar plates and so were maintained only in broth. At the end of the screening
period, 5 of the 10 isolates (Asb2a, Nskw1, Nskw2, Nskp1 and Ugl1) were able to grow and be
maintained through the 6 weeks in modified chu 13. Three of the isolates were of the Chlorella
species (Nskw1, Nskw2 and Nskp1). Since Nskw1, Nskw2 were from the same source and had
maximum specific growth rates µmax, 0.238 and 0.235 d-1 respectively, that were not significantly
different (One-way Anova, p = 0.917), they were considered as the same organism (in the absence
of actual genetic verification). Nskp1 had a significantly higher µmax than the other Chlorella
species at 0.264 d-1 (One-way Anova, p < 0.001). Maximum specific growth rate of the species
through the 6-week screening period remained unchanged and no evidence of improved
evolutionary fitness was observed. For the next level of screening in ADFE, the best of the
Chlorella sp, Nskp1, was chosen alongside Asb2a and Ugl1 (Oocystis sp and Scenedesmus obliquus
respectively). This provided a more diverse array of isolates to explore NH3-N tolerance in ADFE.
The three chosen strains (Nskp1, Ugl1 and Asb2a) were lodged into the Murdoch university Algae
R&D centre culture collection as Mur 271, Mur 272, and Mur 273 (see table 2-2) and will
henceforth be referred to by these names.

95

Figure 2-3: Photomicrographs of microalgae isolates identified in the current study. The white
scale bar on the micrographs represents 10µm. (a,d and g = Nskw1, Mur 271 and Mur 269)
Chlorella sp, (b) Coelastrum sp – Ugl3, (c) Monoraphidium sp – Ugl2, (e) Scenedesmus
obliquus – Ugl1, (f) Oocystis sp – Asb2a, (h) Scendesmus dimorphus – Mur 270, (i) Scendesmus
quadricauda – Mur 268.
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Table 2-2: List of microalgae species isolated and used in the current study (µmax ± standard
error of means)
Label / Id

Algae

µmax (d-1) in
modified chu
13

Screening

Sample source / species
source

Isolation
Reference

Asb2a /
Mur 273
Asb2s

Oocystis

0.201 ± 0.008

+

This study

Chlorella

-

Abk1d

Chlorella

-

Nskw1

Chlorella

0.238 ± 0.006

+

Nskw2

Chlorella

0.235 ± 0.005

+

Nskp1 /
Mur 271
Nskp2

Chlorella

0.264 ± 0.005

+

Ugl1 / Mur
272
Ugl2

Scenedesmus
obliquus
Monoraphidium

Ugl3

Coelastrum

Mur269

Chlorella

Mur268

Scenedesmus
quadricauda
Scenedesmus
dimorphus

Waterlog, Asaba, Delta
state, Nigeria.
Waterlog, Asaba, Delta
state.
Water drainage channel,
Abraka, Delta state,
Nigeria.
Facultative pond of WSP,
UNN, Enugu state,
Nigeria.
Facultative pond of WSP,
UNN, Enugu state,
Nigeria.
Fishpond, UNN, Enugu
state, Nigeria.
Piggery wash place,
Nsukka, Enugu state,
Nigeria.
Ugwu-Omu lake, Enugu
state, Nigeria.
Ugwu-Omu lake, Enugu
state, Nigeria.
Ugwu-Omu lake, Enugu
state, Nigeria.
Murdoch Uni. Algae R&D
centre
Murdoch Uni. Algae R&D
centre
Murdoch Uni. Algae R&D
centre

Mur270

Chlorella

-

0.221 ± 0.008

+
-

This study
This study

This study

This study

This study
This study

This study
This study
This study
(Ayre et al.
2017)
(Ayre et al.
2017)
Unpublished
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2.4.2. Microalgal growth during screening in ADFE
Figure 2-4 (row 1) show the cumulative growth rate of the different species screened at various
ADFE NH3-N concentrations over the culture period. No growth was observed in any of the
species at ADFE 1500 mg L-1 NH3-N treatment. Significant death was observed at this treatment
concentration, as is also evident in the rapid decline of Fv’/Fm’ values to near zero (0) (figure 24, row 2). At ADFE 900 mg L-1 NH3-N, also no growth was observed for Mur 268, 270, 271, 272
and 273 (figure 2-4 b – f). This is also supported by the decline of Fv’/Fm’ values re-enforcing
evidence of toxicity at this concentration. Mur 269 however showed some level of tolerance at
this concentration (figure 2-4). Fv’/Fm’ values show signs of recovery on the eight day into
cultivation, which also becomes evident as growth rate above 0 after 12 days into the culture
period. However, NH3-N concentration in the culture had depleted to 380 ± 1.63 mg L-1, mostly
due to volatilization, (table 2-3) and fitness (Hµ) was negative at - 0.103 ± 0.014 d-1.
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Figure 2-4: Top row describes growth rate, µ d-1 for each of the species (for illustrative purpose, death rate is displayed as zero
(0)). Middle row describes Fv’/Fm’ values for over time. Bottom row describes residual NH3-N in the culture per time.
represent 50, 150, 300, 600, 900, 1500 mg L-1 NH3-N treatments, respectively. Data is presented as ± standard error, n = number of
replicates.
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Table 2-3: maximum growth rates and harmonic mean of growth rates at the points (days) when maximum rate is observed, at
both optimum growth treatments and treatments at the limit of tolerance. Data is presented ± standard error of means, n = 4, n =
number of replicates.
Optimum growth conditions
Species

µmax (d-1)

Mur 268

Treatment
(mg L-1 NH3N)
150

0.36 ± 0.02

Mur 269

150

Mur 270

Point of max
µmax (day)

Tolerance limits
NH3-N at
µmax (mg L-1)

4

Fitness(Hµ)
at point of
µmax
0.36 ± 0.02

µmax (d-1)

81.5 ± 3.12

Treatment
(mg L-1 NH3N)
600

0.36 ± 0.05

0.38 ± 0.01

4

0.38 ± 0.01

79.5 ± 3.87

600

150

0.24 ± 0.02

4

0.24 ± 0.02

78.25 ± 3.3

Mur 271

150

0.22 ± 0.02

4

0.22 ± 0.02

Mur 272

150

0.18 ± 0.01

4

Mur 273

150

0.36 ±0.01

4

Point of max
µmax (day)

NH3-N at
µmax (mg L-1)

12

Fitness(Hµ)
at point of
µmax
0.04 ± 0.02

0.35 ± 0.03

12

0.14 ± 0.01

162 ± 2.16

300

0.17± 0.09

12

0.08 ± 0.01

87.5 ± 3.86

94 ± 3.92

300

0.13 ± 0.004

4

0.13 ± 0.004

242 ± 4.57

0.18 ± 0.01

87.5 ± 6.24

300

0.12 ±0.03

12

0.09 ± 0.01

57.5 ± 5.97

0.36 ±0.01

75.5 ± 3.7

600

0.25 ± 0.05

12

0.004 ± 0.01

163 ± 3.37

155 ± 4.55

100

Tolerance limits for the species were as described in table 2-3. The most tolerant species had
limits at ADFE 600 mg L-1 NH3-N treatment, with Mur 269, 268 and 273 falling into this
category. Fv’/Fm’ values showed an upward trend from the start of the cultivation to above
0.5 for the 3 species as shown in figure 2-4 (row 2). Their maximum specific growth rates µmax,
and residual NH3-N at this treatment concentration are listed in table 2-3. Mur 268 and 273
showed significant signs of inhibition until day 8, but recovery was obvious and definite. Mur
269 however, showed only minimal signs of inhibition. For this treatment concentration
(600mg L-1 NH3-N), Mur 269 had the highest fitness of 0.135 ± 0.013 d-1, significantly higher
than Mur 268 (figure 2-5 a). Fitness of Mur 273 was the least of the 3 at this treatment level.
The other 3 species, Mur 270, 271 and 272 had tolerance concentration of ADFE NH3-N limited
to 300 mg L-1. There was no significant difference (Bonferroni, p > 0.05) between the fitness
for the 3 species at this level. Fv’/Fm’ values were also stable above 0.4 until day 12 of
cultivation for the 3 species.

101

Figure 2-5: (a) Fitness per species per NH3-N treatment concentration (b) overall fitness
per species. Data displayed was derived from 50 – 900 mg L-1 NH3-N treatment
concentrations (treatment concentrations that supported growth). Data is presented as ±
standard error, n = number of replicates.

Optimum performance for all the 6 species was observed in ADFE 150 mg L-1 NH3-N
treatments, based on µmax. At this treatment level Mur 269, 268 and 273 had the highest µmax
values (see table 2-3). There was no significant difference between the 3 species for µmax (oneway ANOVA, F (2, 11) = 0.549, p = 0.596). Fitness for Mur 269 and Mur 268 was not
significantly different (Bonferroni, p = 0.607). Fitness of Mur 273 was significantly lower than
the other two species (Bonferroni, p < 0.001) (table 2-3). Mur 272 had the least µmax at this
level. Although µmax for all 6 species was observed to have maximum values for ADFE 150 mg
L-1 NH3-N treatments, maximum values of fitness were observed at ADFE 300 mg L-1 NH3-N
treatments for almost all the species. However, fitness was not significantly different in 150
and 300 mg L-1 NH3-N treatments for Mur 269 (Bonferroni, p = 1.0 and p = 1). For Mur 273
fitness was significantly higher in 300 mg L-1 NH3-N than in 150 mg L-1 NH3-N treatments (see
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figure 2-5a). Fv’/Fm’ values for ADFE 150 and 300 mg L-1 NH3-N treatments remained stable
above 0.5 through the log phase of growth for all the species as seen in figure 2-4.
For overall fitness, Mur 269 was found to have the highest value of 0.075 ± 0.0236 but not
significantly higher than Mur 268 with a value of 0.056 ± 0.021 (Bonferroni, p = 0.584). Overall
fitness for Mur 273 was significantly lower than Mur 268 (Bonferroni, p = 0.01). The other 3
species, Mur 270, 271 and 272 had fitness values below zero (0) (figure 2-5b). Mur 269 was
found to be the most tolerant of all the species to high ADFE NH3-N concentrations. Of the
newly isolated species, Mur 273 was found to be the most tolerant.

2.5. Discussion
The isolation of the microalgae species in this study was tailored towards obtaining species
that could grow in elevated concentrations of NH3-N, optimally and preferentially utilizing it
as a source of nitrogen for cellular processes. Suitable species would also need to be able to
grow in environments with complex nutrient sources and at least some elevated chemical
oxygen demand (COD) concentration, as digestates contain a significant amount of these.
Robustness and flexibility to adapt to local changes in environments are also desired
attributes especially in regards to the application of the species in outdoor cultivation (Rodolfi
et al. 2009). These characteristics were pivotal in the selection of sampling spots during
bioprospecting in this study. Waste-water stabilization ponds and fishponds were sampling
points fulfilling the requirement for elevated NH3-N and COD, and waterfront of Ugwu-omu
lake, and the water-log in Asaba (with a significant influx of NH3-N from urine) fulfilling the
requirements of a dynamic ecosystem. This led to the selected array of isolates with origins
of fresh water influenced by soil nutrients (Mur 271, 272 and 273). Mur 268 and 269 were
isolated and acclimated in anaerobically digestated piggery waste effluent by Ayre et al.
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(2017) and Mur 270 was isolated from abattoir waste anaerobic pond. These provided a
spread of native acclimated strains for the screening study. In the acclimation phase of this
study, the species of Chlorella, Scenedesmus and Oocystis isolated (Mur 269, Mur 268, and
Mur 273) survived well through the 6 weeks of the acclimation phase in modified chu 13
medium. However, there was no significant improvement in the growth rate µ, indicating that
there was no improvement in evolutionary fitness or adaptation at the genetic level occurring
in the species during the course of the experiment. Typical time spans required for the
emergence of improved phenotypes in ALE studies is between 100 and 2000 generations
(Dragosits and Mattanovich 2013). The acclimation experiment in this study ran for 12 – 16
generations (see table 2-2 for µmax), therefore whatever tolerance characteristics displayed
by these species in this study was acquired in the wild, and are intrinsic responses to the
current environmental conditions.
Fv’/Fm’ values have extensively been used as a metric for detecting elevated stress in
microalgae cultivation using digestates (Nwoba et al. 2019; Vadiveloo et al. 2019, 2020). In
this study, the toxic effect of the NH3-N in ADFE on all the species was clearly seen even at
the point of inoculation (0 hours) as depicted in figure 2-4 (row 2). The response of the
photosystem of the microalgae species was instantaneous with Fv’/Fm’ values decreasing
with increasing concentration of NH3-N in the ADFE treatments. Fv’/Fm’ values were as low
as 0.06 for Mur 273. For the more tolerant species (Mur 269, 268 and 273), it can be seen by
the trend of Fv’/Fm’ values that homeostasis in the cells was being restored after the 4th day.
This is partly, as a result of acclimation of the cells to the effect of the stressor and at least,
partly due to a relief from the effect of the stressor, considering the obvious reduction in NH3N due to volatilization as seen in figure 2-4 (row 3). This is a typical response for microalgae
homeostasis and acclimation; cells which are able to restore homeostasis through acclimation
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survive the toxic effects of stressor, and those than cannot restore homeostasis die via
necrosis or apoptosis (Franklin et al. 2006; Borowitzka 2018). The toxicity of ammonia to
microalgae has been linked to the disruption of photosynthesis by damaging the manganese
(Mn) cluster of the Oxygen-evolution complex (OEC) PSII. Ammonia binds to the OEC as a
structural analogue of water leading to the generation of long-live P680+ radicals increasing
sensitivity of PSII to photodamage (Drath et al. 2008), and any disruption of PSII is directly
reflected in Fv’/Fm’ values. As seen here, in relation to Fv’/Fm’ values, cell death can be
directly linked to the toxic concentrations of NH3-N and can be safely assumed to be via
necrosis. The above pattern of Fv’/Fm’ readings (instantaneous depression and subsequent
recovery) was also reported by Nwoba et al. (2019) in batch cultures of Chlorella sp cultivated
on food waste anaerobic digestate.
Figure 2-4 (row 1) describe the profile of specific growth rate (µ) at every timestep through
the cultivation period for each species. For the most tolerant species Mur 269, in the ADFE
900 mg L-1 NH3-N treatment there was evident cell death 8 days into the cultivation period
and a mirroring effect on the Fv’/Fm’ values which showed signs of recovery on the 8th day.
These observations coupled with the residual NH3-N in the culture on the 8th day puts the
tolerance limits of this species between 700 and 400 mg L-1 NH3-N and alluding that the
recovery of the species at this treatment level was as a result of reduction in the effect of the
stressor (via ammonia volatilization, as the pH of the cultures were observed to range from
8.2 to 9.6, which is above the ammonium/ammonia equilibrium pH, through the cultivation
period) in addition to the restoration of homeostasis. Volatilization of NH3-N is a common
phenomenon in microalgae cultivation in digestates due to the increasing pH induced by
microalgae growth. This shifts the ammonium-ammonia balance towards gaseous ammonia.
Temperatures above 20oC, higher surface-area to volume ratio and agitation will also increase
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volatilization. Volatilization has been adequately reported in microalgae cultivation in
digestates (Cheng et al. 2016; Raeisossadati et al. 2019b; Vadiveloo et al. 2019). None of the
other species showed signs of recovery in the ADFE 900 mg L-1 NH3-N treatment. In this study
no cell death (-µ) was observed for Mur 269 in ADFE 600 mg L-1 NH3-N treatment and µ
increased progressively to its maximum as time progressed and NH3-N concentration reduced.
In a previous study Ayre et al. (2017) was able to grow this species (Mur 269) in 800 mg L-1
NH3-N in anaerobic digestate from piggery, without CO2, in semi-continuous mode outdoors.
The results obtained in this study, which put the tolerance of the species at around 700 mg L1 NH -N
3

is not in disagreement, considering differences in the composition of the digestates

used in both studies. The other two species that were able to grow in ADFE 600 mg L-1 NH3-N
treatment, Mur 268 and Mur 273, showed signs of growth only on the 8th day of cultivation
after NH3-N concentrations had dropped to 420 – 550 mg L-1 for both species, putting the
actual tolerance level for proliferation for both these species around 500 mg L-1 NH3-N. Fv’/fm’
values show a significant amount of stress on the PSII of the cell until recovery on the 4th day.
µmax for both species was observed on the 12th day of cultivation after NH3-N had significantly
reduced and stress alleviated (table 2-3). Vadiveloo et al. (2019) found tolerance level for this
Scenedesmus sp (Mur 268) to be up to 525 mg L-1 in ADPE. As can be seen in figure 2-5 a, the
fitness of Mur 269 was significantly higher than both Mur 268 and Mur 273. It is important to
note however, that tolerance in Mur 273 is comparable to that obtained in Mur 268 (a species
that had previously undergone long time acclimation in digestate), though Mur 273 had not
undergone any previous acclimation in any digestate prior to this study. This underscores the
potential of this species to be highly tolerant, and the possibility of significant improvement
if it is to be acclimated further in digestate. However, the tolerance limits obtained in this
study exceed those reported by Krustok et al. (2015) who recorded tolerance limits below 200
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mg L-1 NH3-N for Scenedesmus, Desmodesmus and Chlorella species consortium grown in
biogas digestate, only able to achieve limits of 300 mg L-1 NH3-N after pre-cultivation and
acclimation. Park et al. (2010) also reported significant inhibition of Scenedesmus sp above
200 mg L-1 NH3-N in digestate. It should also be noted that the turbidity of the ADFE plays a
role in the growth of the species under study, as the light path in the digestate and
consequently, irradiation available to the cells is reduced significantly with increasing
turbidity. It could be postulated that the tolerance of the species is partly attributed to their
ability to proliferate under lower irradiance. However, assertion of this would require a more
in-depth study of the irradiance profile inside ADFE and the ensuing response of the species.
This, however, is beyond the scope of this screening study.
Lower concentrations of 50 mg L-1 NH3-N evidently did not provide enough nitrogen to persist
past the 8th day of cultivation. Fv’/Fm’ values also began to drop significantly after the 4th day,
a response that is usually observed in microalgae during nutrient limitation (Borowitzka
2018). It has been observed that during nitrogen limitation, available nitrogen is reallocated
to essential functions consequently leading to reduced photosynthetic efficiency and results
in the inactivation of PSII OEC, and selective inactivation of the PSII activity which translates
to a significant reduction in Fv’/Fm’ values (Berges et al. 1996; Salomon et al. 2013; Zhao et
al. 2017). The optimum concentration for growth for all the species tested in this study was
150 mg L-1 NH3-N as shown in figure 2-4 and table 2-3. The highest µmax values for all the
species was obtained at this treatment level. As depicted in figure 2-4 and table 2-3, µmax was
attained at the start of the experiment, between inoculation time and the 4th day signifying
that cells were not stressed and at optimum homeostasis, when compare with other
treatment levels. Fv’/Fm’ readings also corroborate this, Fv’/Fm’ values were all stable above
0.5 for all the species. Also of note is that for the more tolerant species (Mur 269, 268 and
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273), in the 600 mg L-1 NH3-N treatments, µmax was observed at points in the cultivation time
when residual NH3-N oscillated around 150 mg L-1 (table 2-3). Optimum concentrations for
growth observed in this study are higher than reported by Park et al. (2010) and Abu Hajar et
al. (2016) who reported optimum concentrations of 100 mg L-1. However, fitness for 150 and
300 mg L-1 NH3-N treatments for the species were not significantly different (except for Mur
273, where fitness was significantly higher for 300 mg L-1 NH3-N). Since the fitness function
used in this study incorporates overall performance through cultivation time, it can be
deducted that similar and higher fitness values for 300 mg L-1 NH3-N treatments reflect
nutrient replete conditions, which are superior to that found in 150 mg L-1 NH3-N treatments.
So, in production, the decision of which concentration of NH3-N (150 or 300) is optimum will
depend on the process design and objective i.e., mode of cultivation (batch or continuous),
desired harvest regime and project objective (treatment or productivity).

2.6. Conclusions
This study set out to find and assess species capable of sustained growth in high
concentrations of NH3-N as that found in digestates. It is clear from this study that local
habitats hold a wealth of possibilities regarding tolerant species. All the species screened in
this study had the capability of sustained proliferation in ADFE NH3-N concentrations as high
as 300 mg L-1. The best of the new isolates in this study was Mur 273 which was able tolerate
up to 600 mg L-1 NH3-N even without any prior acclimation to digestates. It was comparable
to Mur 268 (Scenedesmus quadricauda), which alongside with Mur 269, had previously
undergone acclimation in piggery effluent digestate. Chlorella and Scenedesmus species are
the conventional culprits in wastewater treatments and have been the most tolerant species
reported over time. In this study it is interesting to see a less conventional species, Mur 273
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(Oocystis sp) displaying tolerance of up to 600 mg L-1 NH3-N in ADFE hinting on the possibility
of discovering tolerant strains outside the sphere of conventional wastewater treatment
species. There is some evidence of Oocystis sp used in the treatment of wastewater (de la
Noüe et al. 1984; Ajala and Alexander 2020), and in consortium for the treatment of
digestates (Molinuevo-Salces et al. 2010), but there is little information on its exclusive usage
in the treatment and valorization of digestates. This presents an interesting front for further
studies. It can be concluded from this study that wild type native strains like Mur 273 (Oocystis
sp) are capable of significant tolerance in digestates, comparable to strains that have
undergone long term acclimation in digestate. Indicating that this strain is possibly capable of
higher levels of tolerance on improvement and can be used in treatment of ADFE of up to
600mg L-1 NH3-N in a process that would reduce the amount of water needed for dilution.
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CHAPTER 3
Chapter preface
The study presented in the previous chapter successfully identified microalgae species
capable of tolerating and proliferating in relatively high concentrations of ammonia nitrogen
and demonstrated to proliferate satisfactorily in food waste anaerobic digestate without the
need for excessive dilution. However, to fully utilize these species for the treatment and
valorizaion of food waste anaerobic digestate it is advantageous to have an insight to the
mechanism of tolerance employed by these species that enables them to exhibit such
tolerance. As the intent is to apply the chosen species for the outdoor cultivation of
microalgae in digestate, it makes sense to also investigate the irradiance distribution and
profile that could be found inside the culture of microalgae grown on food waste digestate
and its possible effect on growth. The following chapter describes my study investigating the
response of an ammonia tolerant Chlorella sp and the possible mechanisms employed for
tolerance, especially in relation to irradiance and light distribution in culture medium
constituted from food waste digestate.
This chapter is published as:
David Chuka-ogwude, James C. Ogbonna, Navid R. Moheimani.
Adjustments of the photosynthetic unit and compensation mechanisms of tolerance to high
ammonia concentration in Chlorella sp. grown in food waste digestate.
Algal Research (2020), 52, 102106.
Doi: https://doi.org/10.1016/j.algal.2020.102106.
Impact factor: 4.401
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3.1. Abstract
Anaerobically digested food waste (ADF) is a waste effluent produced from anaerobic digestion
of food wastes. It is difficult to treat but also holds high potential for valorization. Microalgae
cultivation is a promising path for its treatment and valorization. However, ADF is very turbid and
has toxic concentration of ammonia nitrogen (NH3-N) (up to 5000 mg L-1 NH3-N). Here we looked
at the physiological responses and acclimation patterns of Chlorella sp., Mur 269 to toxicity and
turbidity in ADF, compared to bolds basal medium (BBM), under different irradiances. Indicators
obtained via pulse amplitude modulation (PAM) fluorometry such as electron transport rate
(ETR), fv’/fm’ and alpha (α), alongside oxygenesis as an indicator of photosynthesis, were used
to study the state of the photosystem of the organism. Pigment (chlorophylls and carotenoids)
ratios were studied as indicators of adjustments in the photosynthetic unit and growth rates and
productivities were used to monitor cell growth. µmax and biomass productivities were 63 and
47% higher in ADF than in BBM. µmax and biomass productivity of Chlorella sp., Mur 269, remained
close to their optimal values at 0.681 ± 0.03 d-1 and 165 ± 8 mg L-1 d-1 even at high irradiance
intensities of 1500 µmol m-2s-1, indicating applicability of this species in outdoor cultures at high
irradiance. On the other hand, the results showed that in comparison with BBM, the efficiency of
Chlorella sp., Mur 269 photosystem II at optimum irradiance, as reflected in Fv’/Fm’ values, was
reduced by 16% in ADF. A critical look at the photosynthesis of the species by PAM fluorometry
revealed that the adaptive methods of this microalgae to toxicity involves adjustment of the
photosynthetic unit to maximize absorption of light and compensation mechanisms for
reductions in PSII activity including switching to mixotrophic growth mode.
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3.2. Introduction
Digestate from the anaerobic digestion of food waste is a reservoir of nutrients that can be
valorized by production of biomass through its use as a feed stock for microalgae cultivation. This
could potentially reduce the cost of microalgae cultivation significantly as expensive nutrients
required for cultivation will be boycotted [1]. Microalgae has been cultivated for effluent
valorization and treatment on a range of wastewaters and digestates [1–3], but there are
significant challenges associated with this process. The most notable challenges are turbidity,
which directly affects light availability and ammonia toxicity which is as a result of the high
ammonia nitrogen concentrations present in anaerobic digestate [4–7]. Generally, these two
issues are dealt with by dilution, but the high concentrations of ammonia and suspended solids
in anaerobic digestate of food waste (ADF) make dilution prohibitively expensive [8,9].
Suggestions to tackle these challenges include the use of native microalgae species possessing
high tolerance for ammonia nitrogen, and the use of cultivation methods that maximize the
availability of irradiance reaching the cells under turbid conditions [1].
Toxicity of ammonia in digestates is mostly based on the balance between ammonia and
ammonium in solution, with ammonia being the more reactive and more toxic species. This is
further complicated because ammonia enters the cell by passive diffusion across the cell
membrane in contrast to active diffusion by ammonium, making cellular regulation of its uptake
near impossible [10]. The toxicity of ammonia to algae has also been attributed to the
disruption/inhibition of photosynthesis by damaging the manganese (Mn) cluster of the Oxygenevolution complex (OEC) of photosystem II (PSII). Ammonia binds to the OEC as a structural
analogue of water leading to the generation of long-live P680+ radicals which increase the
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sensitivity of PSII to photodamage [11]. The preferred form of the ammonia nitrogen species,
ammonium, is also toxic at high concentrations with direct effects sometimes as extreme as cell
lysis where cells burst immediately or after a few hours [12,13]. Further, high ammonium
concentrations have been reported to inhibit microalgal photosynthesis by uncoupling electron
transport from photophosphorylation [14,15]. Microalgae acclimation and adaptation strategies
to high ammonia nitrogen concentrations are mostly unknown. However, It has been proposed
that microalgae are able to tolerate higher ammonium concentration by having increased
GS/GDH (glutamate synthase / glutamate dehydrogenase) activities and hence the ammonium is
converted quickly into amino acids, rather than accumulating in the cell [16,17].
Light is by far the most limiting factor of photoautotrophic microalgae cultivation process and
cultivation systems are designed with emphasis on optimum use of received irradiance. In
microalgae culture, both photolimitation and photoinhibition play central roles in light utilization,
especially in outdoor cultivation scenarios. In digestates, photolimitation is as a result of higher
attenuation from colour and suspended solids, ultimately leading to lower productivities in
comparison with synthetic media [18]. Photoacclimation and photoadaptation methods in
response to photoinhibition generally attempt to prevent the production of reactive oxygen
species (ROS) that induce photooxidative damage in chloroplasts [19]. Short term responses
include energy dissipation via interconversion of carotenoids of the xanthophyll cycle [20],
referred to as non-photosynthetic quenching (NPQ) of chlorophyll fluorescence [21] and
redistribution of the antenna system between photosystem I (PSI) and photosystem II (PSII) [22].
Also, cyclic electron flow (CEF) around PSI may also be used to reduce the energetic pressure
around PSII [23]. Long term responses typically require modifications in gene expressions to the
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effect of reduction in light harvesting complexes (LHCs) antennae size, the PSI to PSII ratio, and
the total number of reaction centres and LHC antennae [24]. The above suggests an interplay
between irradiance and toxicity in the response of microalgae to elevated concentrations of
ammonia nitrogen since ammonia toxicity is linked to PSII inhibition.
Current literature that addresses the tolerance of microalgae to elevated ammonia / ammonium
concentrations and the mechanisms involved in the tolerance do not offer adequate explanation
regarding the level of tolerance observed in microalgal species grown in turbid digestates.
Previous works were done with synthetic media with little or no consideration of the possible
effects of light regime on microalgal response and tolerance to high ammonia concentrations
[11,17]. In our previous study, we had successfully grown Chlorella sp. MUR 269, in up to 900
NH3-N ADF with optimum performance around 300 NH3-N [25]. This study focuses on the
tolerance adaptations of this Chlorella species to high ammonia-N concentrations found in ADF.
The overarching aim is to investigate how the photosynthetic apparatus of selected microalgae
responds to light availability / limitation and ammonia toxicity in the digestate, given its
characteristic turbid nature, and then in extension the impact of the response on the growth and
physiology (pigmentation and cell biovolume) of the cells. This will provide insight to the
adaptative methods applied by microalgae for tolerating high ammonia-N concentrations and
inform light regime management (including depth optimizations) for the cultivation of
microalgae in turbid digestates.
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3.3. Materials and methods
3.3.1. Anaerobic digestate of food waste (ADF) and growth media
The anaerobic digestate of food waste (ADF) used in this study was obtained from Richgro
anaerobic digestion plant, Jandakot Western Australia. (32.1042° S, 115.8982° E). The digestate
was used directly, unfiltered, and untreated, but diluted to the required ammonia nitrogen
concentrations. The chemical composition is summarised in table 3-1.

Table 3-1: Physiochemical properties of Anaerobic digestate of food waste (ADF) used in this
study. (Mean ± standard deviation, n = 6)

Parameter

Value

Total Nitrogen (N)

5000.00 ± 23.2

Ammonia (mg NH3-N L−1)

3800.00 ± 72.4

Nitrate (mg NO3-N L−1)
Chemical Oxygen Demand (COD) (mg L-1)
Nitrite (mg NO2-N L−1)
Phosphate (mg PO4-P L−1)
pH

<1
40,604.13 ± 144
<1
290.30 ± 10.4
8.13 ± 0.3

3.3.2. Experimental setup
To investigate the effect of light irradiance on microalgae cultivated in ADF, Chlorella sp. (Mur
269) was cultivated in ADF diluted to a final NH3-N concentration of 300 mg L-1. The cultivation
was done under varying intensities of photosynthetically active radiation (PAR, 400 – 700nm), in
the range of 103.24, 516.97, 1037.78 and 1470.52 µmol photons m-2s-1 (henceforth referred to
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as 100, 500, 1000 and 1500 µmol photons m-2s-1. The µmol photons m-2s-1 will be used
interchangeably with µmol m-2s-1 unless otherwise stated) supplied by LED lights. The flasks were
illuminated from the side in one direction, and the upper empty parts of the flasks were covered
with foil, to minimize the effect of any illumination that could come from the top. Cultivation was
performed in 100 mL flasks containing 40 mL of ADF with an initial cell concentration of 106 cells
mL-1. Controls were set up for each irradiance level in BBM modified with NH4Cl to contain NH3N concentration of 300 mg L-1. The cultivation period was for 7 days then terminated to ensure
that cells were still at the logarithmic phase of growth at the end of the experiment. The
cultivations were done on rotary shakers at 120 rpm, and sampling for growth and cell biovolume
was performed every 48 hours. Sampling for the pigments and the state of the photosynthetic
apparatus of the cells were performed at the end of the experiments. All the experiments were
performed in a temperature and humidity-controlled culture room at 210C temperature and 24%
humidity.
3.3.3. Growth rates, productivities, pigment analysis and cell biovolume
Cell concentration of the microalgae was evaluated through direct microscopic count using a
Neubauer haemocytometer. Specific growth rate (µ) was calculated as the change in the natural
logarithm of the microalgae cell numbers per time, as outlined in Moheimani et al [26]. To
ascertain the maximum specific growth rate (µmax), µ was calculated at every time step (48 hours)
and the maximum value used as µmax.
Productivities were calculated as the change in microalgal biomass per time. To differentiate
between the mass of the microalgae cells and the rest of the ADF residue, microalgae cells were
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extracted from the growth medium at the sampling points by selective centrifugation and
washed in distilled water. Then calibration curves (cell dry mass VS cell count) were made at the
sampling points, relating cell count to biomass. ADF biomass was then estimated to be dry mass
of whole culture minus (–) dry mass of microalgae cells. Determination of dry mass was
performed as described in Moheimani et al [26].
Pigments extraction was performed by methods described in Moheimani et al [26] and
chlorophyll ‘a’ and ‘b’ quantified by equations outlined by Jeffrey and Humphrey [27].
Carotenoids concentration was quantified using equations outlined in Abu-Rezq et al [28]. Cell
biovolume was determined based on microalgae cell geometry as outlined by Hillebrand et al
[29], cell diameter was measured and enumerated with “ImageJ” software, version 1.52a, using
images obtained via a Leica ICC50 W microscope camera (Leica microsystems, Wetzlar,
Germany).
3.3.4. Light distribution determination and models
Absorbed and mean irradiance in the microalgae cultures were estimated using modifications of
models described by Holland and Draganov [30] as depicted in equations 3-1 to 3-5 below.
𝐼𝐼𝐿𝐿 = 𝐼𝐼0 . 𝑒𝑒 𝐿𝐿�𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 .𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎 .𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 �

(3 −

𝐼𝐼𝐴𝐴 = 𝐼𝐼0 − 𝐼𝐼𝐿𝐿

(3

1)

− 2)
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𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

1 𝑑𝑑
= � 𝐼𝐼𝐿𝐿 𝑑𝑑𝑑𝑑
𝑑𝑑 0

(3

− 3)
700

𝑃𝑃𝑃𝑃(𝜆𝜆) = 𝐼𝐼(𝜆𝜆) � � 𝐼𝐼(𝜆𝜆)

(3

𝜆𝜆=400

− 4)

700

𝑙𝑙𝑙𝑙(10)
𝜎𝜎 =
� 𝑃𝑃𝑃𝑃(𝜆𝜆) . 𝐴𝐴𝐴𝐴𝐴𝐴(𝜆𝜆)
𝐶𝐶. 𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐

(3

𝜆𝜆=400

Where
𝐼𝐼𝐿𝐿

− 5)

= emergent irradiance at end of the light path L, (µmol photons m-2s-1)

𝐼𝐼0

= incident irradiance, (µmol photons m-2s-1)

𝐼𝐼(𝜆𝜆)

= wavelength of specific incident irradiance (µmol photons m-2s-1)

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = mean irradiance inside the culture (µmol photons m-2s-1)
𝐼𝐼𝐴𝐴

= absorbed irradiance by the culture (µmol photons m-2s-1)

𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐

= cuvette length / light path (meters, m)

𝐿𝐿

= light path (meters, m)

𝐴𝐴𝐴𝐴𝐴𝐴

= absorbance reading from the spectrophotometer (unitless)

𝜎𝜎

= absorption cross section [𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and

𝑃𝑃𝑃𝑃(𝜆𝜆) = wavelength dependent photon fraction (unitless)

𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎 are absorption cross section of

microalgae cells and ADF respectively] (m2 gdry weight -1)
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= concentration [𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 are microalgae and ADF concentrations, respectively]

𝐶𝐶

(gdry weight m-3)

The average total light path through the flasks, 𝑑𝑑 (meters, m), was quantified as described in
equation 3-6:

𝑑𝑑 =

2 r
� �(𝑟𝑟 2 − 𝑥𝑥 2 )𝑑𝑑𝑑𝑑
r 0

where
𝑟𝑟

𝑥𝑥

− 6)

(3

= radius of the bottom of the flask (meters, m)
= x coordinates as plotted on a cartesian plane.

Calibration curves for optical density against biomass, across the spectrum of actinic light (400 –
700 nm) for the microalgae cells were also obtained and related to OD readings taken at sampling
points, as previously described. These readings were used to determine and differentiate 𝜎𝜎 of
microalgae cells from ADF during the experiment. Incident irradiance spectra from the LED light

sources were obtained using a Stellarnet CXR-SR-50 spectrometer (Stellarnet Inc, Tampa, Florida,
USA).
3.3.5. Maximum quantum yields, electron transfer rates (ETR), and Photosynthesis –
irradiance curves
The photosynthetic parameters of the microalgae were investigated using a pulse amplitude
fluorometer (WATER-PAM (cuvette version) fluorometer, Heinz Walz GmbH, Effeltrich, Germany)
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consisting of a PAM-CONTROL unit and a WATER-ED (emmiter/detector) unit and featuring 3
Measuring Light LEDs (peak 650 nm), 12 Actinic LEDs (peak 660 nm) and 3 Far-Red LEDs (peak
740 nm). Fluorescence measurements were taken at the end of the acclimation to the different
light regimes without dark adaptation. Hence under actinic light, the effective quantum yield of
PSII (φPSII) was calculated as

𝐹𝐹𝑚𝑚′ −𝐹𝐹′
𝐹𝐹𝑚𝑚′

[31], and maximum quantum yield in actinic light (light-

adapted)was calculated as 𝐹𝐹𝑣𝑣 ′ /𝐹𝐹𝑚𝑚′ =

𝐹𝐹𝑚𝑚′ −𝐹𝐹𝑜𝑜 ′
𝐹𝐹𝑚𝑚′

.

To characterize the acclimation status of the microalgae species to the different light treatments,
2 mL of the microalgae was placed in the PAM and rapid light curves (RLCs) were generated to
provide information on the saturation characteristics of the electron transport chain as well as
the overall photosynthetic performance of the microalgae in ADF and BBM. The RLCs were
generated with 10 sec exposure duration at each sequence of increasing actinic irradiance in 12
pre-set increments ranging from 17µmol m-2s-1 to 1464 µmol m-2s-1. Plots of relative electron

transport rates (rETR) against PAR as one version of Photosynthesis – Irradiance (P-I) curves were
made. The rETR was calculated as φPSII x PAR x 0.5 x 0.84; 0.5 assuming equal absorption by PSI
and PSII and 0.84 as efficiency of PAR absorption by microalgae pigments. The P-I curves were
characterised by fitting the two-parameters model of Ritchie [32,33] as described in equation 37, based on the waiting-in-line model. The parameters of the curves are also described below.
𝑃𝑃 = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 . 𝑘𝑘𝑤𝑤 . 𝐼𝐼 . 𝑒𝑒 1−𝑘𝑘𝑤𝑤 𝐼𝐼
Where:
𝑃𝑃

− 7)

(3

= Photosynthesis (relative electron transfer rate, ETR) (µmol electrons m-2s-1)
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𝐼𝐼

= incident irradiance (µmol photons m-2s-1)

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚

= maximum photosynthesis, obtained as a fitting parameter for the Y-axis (max relative

𝑒𝑒

= Euler’s number

𝑘𝑘𝑤𝑤

= a scaling / fitting parameter for the X-axis (unitless)

electron transfer rate, ETR) (µmol electrons m-2s-1)

The maximum photosynthetic efficiency, 𝛼𝛼 (unitless), and optimum irradiance for

photosynthesis, 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 (µmol photons m-2s-1), were derived from the curve as described in
equations 3-8 and 3-9 below.

𝛼𝛼

𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜

= 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 . 𝑒𝑒 . 𝑘𝑘𝑤𝑤
= 1/𝑘𝑘𝑤𝑤

(3 − 8)

(3 − 9)

3.3.6. Oxygen evolution measurements
P-I curves were also plotted and fitted using oxygen (O2) evolution as a measure of
photosynthesis (nmol O2 µg Chla-1 h-1 against PAR) and curve parameters derived as described
above. O2-evolution was measured using a Hansatech Oxygraph+ oxygen electrode system
(Hansatech Instruments LTD, Norfolk, UK). Two (2) mL of microalgae culture was placed in the
1cm diameter oxygen chamber (with magnetic stirrer) of the system, dark-adapted to account
for respiration then irradiated at 7 levels of irradiance from 30 to 1500 µmol m-2s-1. The oxygen
electrode was calibrated before measurements by adding a pinch of sodium dithionite into the
chamber filled with deionized water to get 0% oxygen saturation point, and by filling the chamber
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with aerated deionized water to obtain 100% oxygen saturation point. The chamber was
connected to a temperature-controlled water bath through a water-flow-through system to
prevent radiation heat and maintain temperature at 210C. The chamber was illuminated with a
PAR38 19W LED adjustable light source (Verbatim lighting, Australia).
3.3.7. Statistical analysis
All experiments were carried out in quadruplicates, n = 4 and the results expressed as arithmetic
means ± standard error. The data derived from the experiments were analysed via Two-way
Analysis of Variance (two-way ANOVA) to determine main effects of light regimes and media
type, and interaction effects between light regimes and media types, followed by Bonferroni
post-hoc test. Follow up split tests (one – way ANOVA, then Bonferroni post hoc) were performed
to analyse differences between light regime levels within each media type. Significance was
based on P < 0.05. All statistical analyses were performed using IBM SPSS version 26 for windows.
Curve fittings and modellings were done in Python.

3.4. Results and discussions
3.4.1. Light distribution and light paths
Figure 3-1 illustrates the path of irradiance and its attenuation as it passes through both media
types over the cultivation period. As illustrated, the intensity of PAR available for microalgae
utilization in the culture is visibly different for both media types (ADF and BBM). This is also
dependent on the biomass concentration of the culture over the cultivation time. In the
assessment of light availability in microalgae cultures, the mean irradiance / intensity, as
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described in equation 3-3, is a better indication of light conditions than incident irradiance [34]
(referred to in the text as ‘irradiance / light treatment’). Table 3-2 shows the mean PAR intensity
in the both media types highlighting that mean intensities in ADF are significantly lower (one –
way ANOVA, F(3, 26) = 215.5, p < 0.001) than in BBM, an obvious consequence of turbidity, with
the highest PAR treatments (1500 µmol m-2s-1) resulting in 496.099 – 149.106 µmol m-2s-1 mean
intensity in ADF through the cultivation period. The concept of mean irradiance / intensity is
based upon the premises that the fluid dynamics of the culture is such that residence time of the
cells in each location in the system is very short that it behaves as though it is experiencing a
constant light intensity equal to the average of the local light intensities [35]. Considering the
volume of the culture system, it can safely be assumed that rotary shaking at 120 rpm provided
adequate mixing. Figure 3-2 shows surface plots describing the light distribution inside the
culture vessels on days 0 and 6 for 100 and 1000 µmol m-2s-1 treatments. As can be seen in figure
3-1, attenuation of light in both the media types (BBM and ADF) is significantly different from the
beginning of cultivation (day 0), with BBM cultures having significantly higher (p < 0.05) mean
irradiances (𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ) than the ADF (see table 3-2 for mean irradiance), due to the higher turbidity
of ADF mostly caused by suspended solids. As is expected, light attenuation in the culture vessels
increased as cell concentration increased as indicated in figure 3-1. Of note is the similarity in the
mean irradiance profile of the 100 µmol m-2s-1 PAR treatments of both the BBM and ADF cultures
on the 6th day of cultivation. Though 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 was lower in ADF cultures, the difference in 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

between the media types on the 6th day at 100 µmol m-2s-1 PAR treatment (figure 3-2 c and g)
was much smaller than the disparity between other light treatments (500 - 1500 µmol m-2s-1 PAR).
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The consequence of this is evident in the similarity of the photosynthetic response of the cultures
(100 µmol m-2s-1 PAR treatments) discussed in following sections.

Figure 0-1: Light path and attenuation inside the microalgae cultures through the period of
cultivation. a and b represent 100 and 1000 µmol m-2s-1 treated BBM cultures, respectively. c
and d represent 100 and 1000 µmol m-2s-1 treated ADF cultures, respectively. BBM = Bolds
basal medium, ADF = Anaerobic digestate of food waste.
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Figure 3-2: Surface plot of modelled irradiance distribution inside the culture flasks (aerial view). a and b represent day 0, 100 and 1000 µmol m2s-1 treated BBM cultures, b and c represent day 6, 100 and 1000 µmol m-2s-1 treated BBM cultures, respectively. e and f represent day 0, 100 and
1000 µmol m-2s-1 treated, g and h represent day6, 100 and 1000 µmol m-2s-1 treated ADF cultures, respectively. *arrows represent direction of
incident light (flasks were illuminated from the side). Colour bar represents scale for irradiance intensity. BBM = Bolds basal medium, ADF =
Anaerobic digestate of food waste.
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3.4.2. Growth rates and productivities
Figure 3-2 and table 3-2 show growth curves and biomass productivity for Mur 269, in both ADF
and BBM at the various light intensities. Analysis show that there is an interaction between light
intensities and growth medium on both the maximum specific growth rate (µmax) and the
productivities of the cells, two-way ANOVA, F(3, 20) = 85.119, p < 0.001 and , F(3, 20) = 70.475, p
< 0.001 respectively. Overall, cells grown in ADF had significantly higher µmax and productivities
than cells grown in BBM (one-way ANOVA, F (1, 20) = 813.5, p < 0.001 and F(1, 20) = 951.4, p <
0.001, respectively).
In ADF, µmax d-1 was significantly different (Bonferroni, p < 0.001) for all irradiance levels with
minimum value of 0.376 d-1 for 100 µmol m-2s-1 PAR and maximum of 0.84 d-1 for 1000 µmol m2s-1

PAR, followed by a decline at 1500 µmol m-2s-1 PAR. The biomass productivity followed a

similar trend with maximum values of 169 mg L-1 d-1 of microalgal biomass for 1000 µmol m-2s-1
PAR treatment, but there was no significant difference (Bonferroni, p = 1.0) between
productivities of 1000 and 1500 µmol m-2s-1 PAR. In BBM, there was no significant difference
(Bonferroni, p = 1.0) for µmax d-1 between 100, 500, and 1000 µmol m-2s-1 PAR but at 1500 µmol
m-2s-1 PAR. Though maximal values of 0.308 d-1 were observed at 500 µmol m-2s-1, there was a
significant decline from the preceding treatment for µmax values (Bonferroni, p = 0.012).
Productivities in BBM followed the same pattern as µmax d-1 but with maximum values of 89 mg
L-1 d-1 for 500 µmol m-2s-1 PAR (Bonferroni, p = 0.034 between 500 and 1000 µmol m-2s-1).
Significantly lower values were observed for 1500 µmol m-2s-1 PAR treatments in BBM.
Percentage change in the concentration of NH3-N in both culture systems is also highlighted in
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table 3-2. Overall, there is a significant difference in the residual NH3-N, with ADF cultures
showing significantly higher reduction (p < 0.05) in NH3-N levels compared to the BBM cultures.
However, a significant proportion of the reduction in NH3-N in ADF cultures is due to
volatilization, as is a common observation in culture systems using high NH3-N concentration
digestates as nutrient source [36–38]. The differences between the utilization of NH3-N in the
different light treatments in both culture systems would be better explained by careful analysis
of the elemental composition of the cells under the various conditions, but that is outside the
scope of this study.

Figure 3-3: Growth curves for MUR1 under varying light / irradiance treatments in BBM and
ADF. Table 0 2: Specific growth rate (maximum), maximum productivity, cell biovolume and
mean irradiance in the culture. * ± standard error, n = 4; ** ± standard error, n = 16; ***range,
from day 0 – 6. BBM = Bolds basal medium, ADF = Anaerobic digestate of food waste.
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The interaction effect observed between media and irradiance indicates that the effect of
irradiance intensity on the growth rate and productivity of the microalgae species over the range
measured is dependent on the growth media. This difference between ADF and BBM in this
context, is derived from turbidity and compositional differences unrelated to NH3-N (ADF is much
more turbid and contains high concentration of organic carbon as evident in its COD values).
There is a clearer effect of irradiance intensity on µmax d-1 and productivity in BBM, showing signs
of photoinhibition after 500 µmol m-2s-1. This is in accordance with other studies that place the
optimal range of irradiance for growth to be between 60 and 350 µmol m-2s-1, variability
depending on cell concentration, for relatively clear media [39]. ADF on the other hand clearly
shows signs of light limitation at 100 µmol m-2s-1 but no definite signs of inhibition in relation to
µmax and productivity up to 1500 µmol m-2s-1. This indicates that the turbid media provided
adequate shade for the microalgae by diluting the light intensities. Optimum incident irradiance
for high strength synthetic wastewater and microalgae digestate has been reported to be as high
as 2000 and 2500 µmol m-2s-1 [40,41]. However, the higher overall µmax d-1 and productivity
observed in ADF can only be partly attributed to turbidity and shading since growth in all levels
of irradiance treatment was higher in ADF. This indicates that the higher growth in the ADF is
more related to the nutrient composition of ADF. This alludes to mixotrophy by the microalgae
species when in ADF. There is abundant evidence that microalgae, when grown heterotrophically
or mixotrophically shows significantly higher growth rates and productivities [42–45].
Also, it is important to note the characteristic plateauing of µmax and productivity in the 1000 and
1500 µmol m-2s-1 treatments (mean irradiance 88.854 – 149.106) indicating that further increase
in irradiance will elicit reduction of µmax and productivity in ADF cultures, at much less mean
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irradiance in comparison with BBM cultures. This is also reflected in the 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 of 71.84 – 215.45

for 1000 and 1500 µmol m-2s-1 treatments shown in table 3-3. In mixotrophy, photoautotrophic
and heterotrophic metabolic activities occur concurrently and independently in some species and
is additive. Hence increase in irradiance to photosynthetically inhibitory levels will ultimately
inhibit mixotrophy [46]. This very likely seems to be the case in this study regarding mixotrophy.
Table 3-2: Specific growth rate (maximum), maximum productivity, cell biovolume and mean
irradiance in the culture. * ± standard error, n = 4; ** ± standard error, n = 16; ***range, from
day 0 – 6. BBM = Bolds basal medium, ADF = Anaerobic digestate of food waste.
3.4.3. Cell biovolume
Table 3-2 describes the variation in cell biovolume for Mur 269 in both growth media and
irradiance intensities. There was no interaction effect between growth media and irradiance
intensity for cell biovolume (two-way ANOVA, F(3, 672) = 1.906, p = 0.127), and overall,
Irradiance
treatment
(µmol m-2 s-1)
BBM

ADF

*Percentage
(%) reduction in
NH3-N at period
end

*µmax d-1

*Productivitymax
(mg L-1d-1)

***Mean
Irradiance (µmol
m-2 s-1)

**Cell
biovolume
(µm3)

100

17.70 ± 1.0

0.293 ±
0.032

73 ± 1

81.922 - 26.669

2.947 ± 0.025

500

6.87 ± 1.19

0.308 ±
0.035

89 ± 5

410.079 - 125.344

3.224 ± 0.045

1000
1500

6.28 ± 0.99
9.85 ± 0.42

0.28 ± 0.055
0.145 ±
0.014

74 ± 2
65 ± 1

701.365 - 274.91
1165.29 - 406.221

3.157 ± 0.028
2.836 ± 0.031

100

22.98 ± 3.14

90 ± 2

34.951 – 20.046

3.651 ± 0.1

500

63.77 ± 1.65

0.376 ±
0.016
0.557 ±
0.041

160 ± 9

176.716 – 50.535

4.035 ± 0.091

1000
1500

65.46 ± 3.61
73.72 ± 2.42

169 ± 9
165 ± 8

355.545 – 88.854
496.099 –
149.106

3.918 ± 0.104
3.824 ± 0.099

0.84 ± 0.029
0.681 ±
0.027
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microalgae cells were significantly larger (one-way ANOVA, F(1, 672) = 336.5, p < 0.001) in ADF
than in BBM. In ADF, the size of cells grown in 100 µmol m-2s-1 PAR was less than for 500 and 1000
µmol m-2s-1 (Bonferroni, p < 0.001). There was no significant difference between cells biovolume
for 500, 1000, and 1500 µmol m-2s-1PAR treatments. In BBM there was no significant difference
in the cell volumes for the different light treatments, except for 100 and 1000 µmol m-2s-1 PAR
treatments with cells in 100 µmol m-2s-1 PAR significantly smaller than cells in 1000 µmol m-2s-1
PAR (Bonferroni, p = 0.027). Generally, for both media types, peak biovolumes of 3.224 and 4.035
µm3 were observed at 500 µmol m-2s-1PAR treatments for BBM and ADF, respectively. The initial
biovolume of the cells on the day of inoculation (day 0) for both media types was 3.127 ± 0.105
µm3 indicating a significant (p < 0.05) increase in cell biovolume for all the light treatments in ADF
throughout the course of the experiment. There was no significant increase in biovolume for the
treatments in BBM.
The data indicates that the relative effect of growth media on cell biovolume is much higher than
that of level of irradiance (partial eta squared values, 0.33 and 0.05 respectively). The general
trend in both ADF and BBM is that cell biovolume for the species is generally slightly larger around
optimum irradiance conditions. This pattern has also been observed by Felip and Catalan [47]
who reported a decrease in biovolume alongside an increase in chlorophyll content per cell in
phytoplankton populations in an oligotrophic lake. However, there is an obvious difference
between the overall cell biovolume in ADF and BBM, with values significantly higher in ADF. This
difference could be attributed to mixotrophic growth in ADF as mixotrophy allows an advantage
in conditions of low irradiance and availability of organic carbon [48] which are both present in
ADF. Increase in biovolume is commonly observed in mixotrophy, especially in phagotrophy for
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larger sized microalgae [49], in comparison with photoautotrophic conditions. Candido and
Lombardi [50] observed larger cell biovolume for Chlorella vulgaris and Chlorella sorokiniana
grown in diluted vinasse. They also alluded that microalgae cells with comparatively smaller
dimensions like the Chlorella, with a greater surface area / volume ratio were more adept to
consuming organic carbon via osmotrophy [48], as could be the case in this study. Accumulation
of carbohydrates and lipids have also been linked to increased biovolume in C. reinhardtii and
Chlorella sp.[51,52].
3.4.4. Cell pigments and pigment ratios
Figure 3-4 shows the pigment concentration and ratios for Mur 269. Again, there was a significant
interaction effect between growth media and irradiance intensity for chlorophyll ‘a’, total
carotenoids and chlorophyll a:b ratios but no interaction effect for total carotenoids: chlorophyll
a ratio (F(3, 20) = 0.774, p = 0.522). Generally, chlorophyll ‘a’ and total carotenoids were all
significantly higher in ADF than in BBM (p < 0.001). Chlorophyll a:b ratios were significantly higher
in BBM, p = 0.009, while chlorophyll a: total carotenoids ratios were higher, p < 0.001, in ADF.
In ADF, chlorophyll ‘a’ concentration in 100 and 500 µmol m-2s-1PAR treatments were not
significantly different, 1.47 ± 0.05 and 1.39 ± 0.05 pg cell-1, (Bonferroni, p = 1.0), but significantly
higher than in 1000 and 1500 µmol m-2s-1 PAR. Concentrations in 1000 and 1500 µmol m-2s-1 PAR
were not different (Bonferroni, p = 0.707). In BBM, there was no significant difference in
chlorophyll ‘a’ concentration for all the irradiance intensities (p = 1.0 for all), with peak
concentrations at 0.60 ± 0.026 pg cell-1 for 100 µmol m-2s-1 PAR. However, there was a small dip
in concentration at 1500 µmol m-2s-1 PAR. In BBM, total carotenoids concentration followed the
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same pattern as chlorophyll ‘a’. In ADF, total carotenoid concentration in 100 and 500 µmol m2s-1 PAR

(0.85 ± 0.02 and 0.93 ± 0.04 pg cell-1) were significantly higher than in 1000 and 1500

µmol m-2s-1. Chlorophyll a:b ratios in ADF were not significantly different for 100, 500 and 1000
µmol m-2s-1 PAR, (Bonferroni, p = 1.0) with peak of 3.74 ± 0.02 at 500 µmol m-2s-1 PAR. However,
there was a general downward trend from 500 µmol m-2s-1 with 1500 µmol m-2s-1 significantly
lower (Bonferroni, p < 0.05) at 3.14 ± 0.03, than the rest treatments. In contrast, in BBM there
was a general upward trend for chlorophyll a:b ratios from 100 to 1500 µmol m-2s-1 PAR
treatments, with peak of 4.12 ± 0.13 for 1500 µmol m-2s-1 PAR treatments, chlorophyll a:b ratios
were significantly higher (Bonferroni, p < 0.05) for 500 and 1500 µmol m-2s-1 PAR than 100 and
1000 µmol m-2s-1 PAR treatments. In BBM there was a general upward trend for carotenoids:
chlorophyll a ratios with the ratios in 1000 and 1500 µmol m-2s-1 PAR treatments (0.5 ± 0.03 and
0.48 ± 0.03) higher (Bonferroni, p < 0.05) than for µmol m-2s-1100 µmol m-2s-1 PAR. There was no
significant difference between 500, 1000 and 1500 µmol m-2s-1PAR treatments. In ADF
carotenoids: chlorophyll a ratio also displayed a general upward trend with 500, 1000 and 1500
µmol m-2s-1PAR treatments all significantly higher (Bonferroni, p < 0.05) than for 100 µmol m-2s-1
PAR treatments. There was also no significant difference between 500, 1000 and 1500 µmol m2s-1 PAR

treatments, with peak of 0.718 ± 0.023 at 1500 µmol m-2s-1 PAR treatments.
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Figure 3-4: Pigment concentration and pigment ratios after 6 days of cultivation and
acclimation in varying levels of light irradiance (100 – 1500 µmol m-2s-1). BBM = Bolds basal
medium, ADF = Anaerobic digestate of food waste.

The interaction effect between irradiance intensity and growth media for chlorophyll a and total
carotenoids concentration, as well as chlorophyll a:b ratios, again alludes to the significance of
turbidity to the test species pigmentation. Microalgae cells are well known to manipulate the
composition of their photosynthetic units to optimize light harvesting capabilities under varying
light conditions [53–55]. Microalgae cells under low light increase the concentration of pigments
mostly as a direct result of increasing the concentration of the pigment proteins of the light
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harvesting complex (LHC)/antenna complex (increased antenna size) [54]. This is in accordance
with the findings of this study as all assessed pigment concentrations (chlorophyll a, b and total
carotenoids) were significantly higher in ADF than in BBM owing to the fact that the turbid nature
of the ADF essentially shaded the microalgae cells from the irradiance at all treatment levels.
Chlorophyll ‘a’ concentration in response to the irradiance treatments in ADF was more definite
showing a significant drop after 500 µmol m-2s-1 PAR indicating an adjustment of the
photosynthetic unit to higher irradiance. The difference between Chlorophyll ‘a’ concentration
in both media types is because the irradiance scales in both media were vastly different due to
turbidity (see discussion on light distribution). The same can be said for the total carotenoid
concentrations for both media types. Chlorophyll a:b ratio is often used as indication of light
acclimation in plants and microalgae [56]. The rationale behind this is based on the pigment
protein distribution in the photosynthetic unit. Reaction centres are made up of units of
chlorophyll a and do not possess chlorophyll b while the LHC is composed of both chlorophyll a
and accessory pigments (chlorophyll b and carotenoids) [57], so an increase in the concentration
of accessory pigments will result in a decrease in chlorophyll a:b ratios. On the other hand, they
could increase the size of the PS units, increasing the size of PS I units (comprising RCs and
antenna) or increasing the number of RCs in both PS II and PS I while the antenna size remains
unaltered [58]. It is evident that the species under study here reacts to low light in the former
manner (increased LHCs) as evident in the overall higher Chlorophyll a:b ratios observed in BBM
in comparison with ADF. Cells in ADF were under much less irradiance due to the shading effect
of the media (turbidity). The response of the chlorophyll a:b ratio in BBM was typical showing
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higher values at higher irradiance treatments, generally indicating a reduction in LHC accessory
pigments.
However, in contrast to the observation in BBM, higher irradiance (1500 µmol m-2s-1) in ADF
resulted in a decrease in the chlorophyll a:b ratio. This is alluding to a reduction in RC pigments
and possible disruption of RCs at higher irradiance in ADF. It could be as a result of the disruption
of the manganese (Mn) cluster of the Oxygen-evolution complex of PSII by reactive ammonia
(NH3), that leads to an increased sensitivity of PSII to photodamage as described by Drath et al
[11]. This, however, warrants further investigation. It is to be noted that through the course of
the study, the pH range observed in BBM was between 5.8 – 6.7 as opposed to 8.34 – 9.6
observed in ADF. BBM standard pH is 6.4 – 6.8 [59] and optimum pH for this species in digestate
has been reported to be between 8 – 9 [2,7] indicating that differences observed could be directly
linked to more reactive ammonia species (NH3) in ADF than there was in BBM at all times. The
values for chlorophyll a:b ratios found in this study (3.4 – 4.1) were within the range for
microalgae (~2 – 5.6) [60].
Increased carotenoids: chlorophyll a ratio in response to increased irradiance was observed in
both ADF and BBM. This is a typical response as carotenoids are responsible for nonphotosynthetic quenching (NPQ) at elevated irradiance [61]. However, the significantly higher
carotenoids: chlorophyll a ratio observed in ADF compared to BBM is curious, given that
microalgae cells in ADF were relatively shaded and had much less average irradiance due to
turbidity. Also, the lack of interaction effect from the 2-way ANOVA indicates that the response
was more related to the media type than to irradiance. This also is indicative of some form of
inhibition/disruption on the RCs of the microalgae as discussed above.
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3.4.5. Maximum quantum yield
Figure 3-5 illustrates the changes in Fv’/Fm’ for the species for both media types after growth
and acclimation under the different light/irradiance treatments. There was no interaction effect
between growth medium and irradiance intensity on Fv’/Fm’ (F (3, 20) = 20.06, p = 0.335). Fv’/Fm’
values in ADF were overall significantly lower than in BBM, p < 0.001. In BBM, Fv’/Fm’ for all
treatments until 1000 were significantly different (Bonferroni, p < 0.01), showing a downward
trend from maximum values in 100 µmol m-2s-1PAR (0.664 ± 0.014) to minimum values in 1500
µmol m-2s-1PAR (0.483 ± 0.016). There was no significant difference between 1000 and 1500 µmol
m-2s-1treatments (Bonferroni, p = 0.083). Fv’/Fm’ values in ADF also followed a similar pattern
with significantly different values for all levels of irradiance treatments and acclimations
(Bonferroni, p < 0.01) and a downward trend. Highest Fv’/Fm’ values were at 100 µmol m-2s-1
(0.562 ± 0.027) and lowest at 1500 µmol m-2s-1 (0.357± 0.053) respectively.
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Figure 3-5: Maximum quantum yield (Fv'/Fm') of Mur 269, after 6 days of culture and
acclimation to varying irradiance levels (100 – 1500 µmol m-2s-1). BBM = Bolds basal medium,
ADF = Anaerobic digestate of food waste.

Fv’/Fm’ represents the maximum efficiency of PSII in the light if all reaction centres were open
[62], and gives a real-time snap shot of the physiological status of PSII. The existence of any
‘stress’ that results in the inactivation or damage of any part of PSII will result in a corresponding
reduction of Fv’/Fm’ values. The downward trend of Fv’/Fm’ in both BBM and ADF with increasing
irradiance treatments (100 – 1500 µmol m-2s-1 PAR) is representative of reduction in the efficiency
of PSII and in conjunction with a corresponding increase in total carotenoids: chlorophyll a ratio
(discussed previously), is indicative of photoinhibition with increasing irradiance. It is a widely
accepted model that photoinhibition is induced by excess light energy absorbed by chlorophyll
but not utilized in photosynthesis, and there is strong evidence that photoinhibition and/or
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photodamage occurs in two step process involving the inactivation of the OEC of PSII followed by
the inactivation of PSII reaction centre [63,64]. Of note is the overall lower values for Fv’/Fm’
observed in ADF. It has been observed that in mixotrophy Fv’/Fm’ values in microalgae can
reduce [43], the molecular basis points to the down regulation of RUBISCO activase and genes
responsible for synthesis of various light harvesting proteins; including reduced chlorophyll ‘a’
content per cell in the presence of an organic carbon source [42]. However, there is conflicting
evidence to this, indicating that mixotrophy has no significant effect on Fv’/Fm’ values [42,65,66].
In this study, the elevated concentration of all the pigments (chlorophyll a, b and total
carotenoids) in microalgae grown on ADF in comparison with those grown on BBM makes it highly
unlikely that reduced Fv’/Fm’ values in ADF cultures was as a result of mixotrophy. Considering
that ADF cultures had significantly less mean irradiance than BBM cultures (figure 3-1 and figure
3-2), and that Fv’/Fm’ still followed the same downward trend even at less than half the mean
irradiance in comparison with BBM cultures, it is within reason to conclude that microalgae cells
in ADF cultures were more sensitive to light and more prone to photoinhibition than those in
BBM cultures. This is likely due to the effect of NH3-N on the manganese (Mn) cluster of the
Oxygen evolution complex of PSII increasing the sensitivity of PSII to photodamage as described
by Drath et al [11], or at least some form of light dependent inhibition of PSII that is related to
ADF.
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3.4.6. Relative electron transfer rates (rETR) and oxygen-based photosynthesis – irradiance
(PI) curves
Table 3-3 describes the rETR and O2 derived P-I curves and their corresponding parameters for
Mur 269. αrETR values were generally significantly higher (one-way ANOVA, F(1, 20) = 43.9, p =
0.01) for the microalgae cells grown in ADF in comparison to BBM, except for 100 µmol m-2s1treatments

in both BBM and ADF which were not significantly different. Within the treatments

(100 – 1500 µmol m-2s-1), in ADF, there was no significant difference in αrETR values (Bonferroni,
p = 0.408 between 500 and 1000 µmol m-2s-1, and P = 1.0 for the rest). Maximum values of 0.210
± 0.005 were observed for 500 µmol m-2s-1treatments. In BBM however, there was an overall
decline in αrETR values with 100 and 500 being significantly higher (Bonferroni, p < 0.05) than 1000
and 1500 µmol m-2s-1 treatments (minimum values of 0.102 ± 0.003 in 500 µmol m-2s-1). Pmax,rETR
values for ADF cultures were significantly lower than for BBM, except for 100 µmol m-2s1treatments

which were not significantly different. There was a general decline (Bonferroni, p <

0.05) in Pmax,rETR for increasing irradiance treatments (100 – 1500 µmol m-2s-1) in BBM. The trend
was similar in ADF but Pmax,rETR values in 500 and 1000 µmol m-2s-1treatments were not
significantly different (Bonferroni, p = 0.056). αO2 and Pmax,O2 values were significantly lower in
ADF cultures than in BBM cultures (Bonferroni, p < 0.001). Also, within the treatments (100 –
1500 µmol m-2s-1) there was no significant difference in αO2for both ADF and BBM. In ADF there
was a general decline (Bonferroni, p < 0.05) in Pmax,O2 for increasing irradiance treatments, with
500 and 1500 significantly lower than 100 and 1000 µmol m-2s-1treatments. There was also a
general decline for Pmax,O2 values in BBM but it was not significant.
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Table 3-3: Curve fitting parameters from oxygen and rETR based P-I curves; ** ±standard error, n = 4. Pmax,rETR = Maximum
Photosynthesis (relative electron transfer rate, ETR) (µmol electrons m-2s-1), Pmax,O2 = maximum Photosynthesis (oxygen evolution
per chlorophyll a) (nmol O2 µgChl a-1 h-1) , Iopt, rETR = optimum irradiance for maximum photosynthesis (rETR), Iopt, O2 = optimum
irradiance for maximum photosynthesis (oxygen evolution). BBM = Bolds basal medium, ADF = Anaerobic digestate of food
waste.
Irradiance

**αrETR

treatment /

**Pmax,rETR (µmol

**Iopt, rETR (µmol m-

m-2 s-1)

2 -1

**αO2

s )

**Pmax,O2 (nmol O2

**Iopt, O2 (µmol m-2 s-

µgChl a-1 h-1)

1

)

acclimation (µmol
m-2 s-1)
BBM

ADF

100

0.176 ± 0.01

24.99 ± 1.59

386.66 ± 10.65

1.284 ± 0.17

132.67 ± 11.49

282.65 ± 11.72

500

0.161 ± 0.002

20.56 ± 0.57

346.46 ± 3.47

1.576 ± 0.11

117.86 ± 5.92

203.79 ± 5.28

1000

0.126 ± 0.01

17.11 ± 0.46

367.67 ± 5.03

2.367± 0.04

132.03 ± 1.89

147.03 ± 1.83

1500

0.102 ± 0.003

15.25 ± 0.37

406.68 ± 3.22

1.769 ± 0.08

120.15 ± 9.46

185.89 ± 19.69

100

0.186 ± 01

23.67 ± 0.45

348.34 ± 20.65

0.340 ± 0.05

68.33 ± 11.94

526.35 ± 14.65

500

0.210 ± 0.005

10.94 ± 0.55

141.64 ± 9.35

0.425 ± 0.001

64.77 ± 2.53

577.93 ± 8.27

1000

0.176 ± 0.01

13.87 ± 0.90

215.45 ± 15.53

0.246 ± 0.04

47.20 ± 10.52

518.06 ± 60.10

1500

0.195 ± 0.02

5.21 ± 0.69

71.84 ± 3.87

0.339 ± 0.03

33.26 ± 2.27

276.15 ± 42.36
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Rapid light curves (RLCs) are useful in detecting short term adjustments in the functioning of
the photosynthetic apparatus including the operation of photoprotective mechanisms and
the incidence of photoinhibition [67]. Alpha (α) represents the ascending slope at limiting
irradiance / photosynthetic flux densities (PFD); it’s also a function of photosynthetic energy
conversion efficiency and light harvesting efficiency [68]. Consequently, it describes the
maximum photosynthetic efficiency. In this study, higher αrETR values in ADF cultures is
indicative of higher photosynthetic efficiency at low light / irradiance in comparison to BBM
cultures. This is expected given the significantly lower mean irradiance in ADF cultures. Also,
the higher concentrations of light harvesting pigments observed in ADF cultures are
indications of acclimation to low light. However, for O2 derived P-I curves, αO2 showed an
opposite response with values significantly lower in ADF cultures. Non-correlation between
αO2 and αrETR is not uncommon [69,70] and experimental evidence suggests that the reason
for this lack of correlation can be attributed to alternative use and reduction of O2 via the
water-water cycle / Mehler reaction and non-oxygenic utilization of electrons via cyclic
electron flow around PSI [71–73]. Also, in mixotrophic growth mode, dissolved oxygen
produced by photosynthesis of the microalgae is constantly consumed for the heterotrophic
metabolism of organic carbon [74]. There is also evidence that supports a higher ratio of PSI
: PSII distribution during mixotrophy with a corresponding higher capacity for PSI-driven cyclic
phosphorylation in comparison to linear electron transport and NADPH production [75]. RLCs
performed here did not capture the activities of PSI therefore further investigation will be
required to ascertain the plausibility of these options in relation to this study. Lower Pmax,rETR
values in ADF cultures while αrETR are higher, is indicative that the microalgae cells in ADF are
significantly more photosensitive than cells grown in BBM. This is also affirmed by lower 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜

values observed in ADF cultures (see table 3-3).
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Within irradiance treatments for ADF cultures αrETR were not significantly different but Pmax,rETR
generally declined in cultures with increasing irradiance treatments. PSII in 100 µmol m-2s-1
treatments remained optimal and undisturbed with Pmax,rETR values similar to those observed
in BBM cultures showing that low mean irradiance of 34.951 – 20.046 µmol m-2s-1 did not
trigger any form of photoinhibition. This is again evidence that the inhibition of PSII in ADF
cultures is as a result of a combinatory effect between light intensity and NH3-N as Pmax,rETR
remain relatively similar at the same irradiance treatments in BBM and there was no
significant difference between αrETR for 100 µmol m-2s-1 treatments in both ADF and BBM
cultures (as BBM and ADF had very similar mean irradiance profiles as depicted in figure 3-2
c and g). All other irradiance treatments (500 - 1500) having mean irradiance of over 100 µmol
m-2s-1 showed evidence of significant inhibition. Increased α at decreased light intensities /
photon flux densities has also been linked to changes in the activities of accessory pigments
as an adaptation to low light intensities [76]. Pmax values for both ETR and O2 derived P-I curves
did not correlate with µmax and biomass productivity for ADF cultures as the trends were in
opposite directions. This is an indication that microalgae cells grown in ADF more than
compensated for any reduction in PSII capacity by some other endogenous process possibly
related to mixotrophy and selective reliance on PSI.

3.5. Conclusion
Here the response and tolerance adaptions of Chlorella sp., Mur 269 to high NH3-N
concentrations under a range of irradiance levels, in food waste digestate (ADF) were studied.
The aim was to obtain insight into the mechanisms that allow this species to tolerate elevated
concentrations of NH3-N when grown in digestate, with emphasis on light availability, as there
is an interaction between light and ammonia toxicity. It was observed that Chlorella sp. Mur
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269 had significantly higher growth rates as described by µmax, in ADF in comparison to BBM.
However, it is evident that PSII activity was inhibited more in ADF than in BBM by the high
NH3-N concentration used in this study. This was made obvious by the reduction in Pmax and
𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 as light intensity increased, showing much higher reduction in these parameters in ADF,
even at much lower mean irradiances, 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 . In this respect the turbidity of the ADF offers an

advantage to the growth of the species by reducing the intensity of the incident irradiance
that leads to a concerted deactivation of OECs of PSII by high irradiance and high NH3-N
concentrations. The cells adapt to the irradiance conditions inside the culture (𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ) by

adjusting the composition of the photosynthetic units (LHCs) to maximize available irradiance,
even under stress of PSII (evidenced by lower fv’/fm’ values). This was made evident by
increased pigmentation, chlorophyll a/b ratios and higher alpha (α) values in ADF. Evidently,
toxicity of ammonia in digestate is significantly dependent on irradiance availability and
turbidity provides an advantage for tolerance in microalgae. In addition to proposed models
of tolerance [17], tolerance as observed here, involves adjustment of the photosynthetic unit
to maximize absorption of light and compensation mechanisms for reductions in PSII activity
including switching to mixotrophic growth mode. Findings from this study will aid in the
design of light regimes including standing biomass concentrations and depth optimization in
large scale microalgae cultivations using digestates. Recommendations on future studies
based on the findings here include verification of the hypothesis that part of the mechanisms
for tolerance might include the selective / increased reliance on PSI by these Chlorella sp.
when grown in digestates with high NH3-N concentration. Also, further investigation into the
mode of adaptation to high NH3-N concentrations using molecular tools is recommended as
this could allow for the emergence of species capable of even higher tolerance to NH3-N
through molecular transformations and genetic modifications.
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CHAPTER 4
Chapter preface
Having successfully identified ammonia nitrogen tolerant species, verifying their ability to
proliferate in food waste anaerobic digestate, studying their tolerance, and understanding
the impact of turbidity on in-situ irradiance. A suitable cultivation system in the form of a thin
layer inclined pond was identified as the having the most potential to properly support growth
of microalgae in food waste digestate. However, previous studies using the thin layer inclined
pond for the cultivation of microalgae in digestate of similar turbidity as food waste digestate
have proven to be less than optimal, showing dismal biomass areal productivities. A way to
improve productivity using this cultivation system is to maximize light distribution in-situ
through culture depth management, optimizing surface area to volume ratio. The following
chapter describes my study on depth optimization of the thin layer inclined photobioreactor
to improve biomass productivity of a tolerant Chlorella sp culture under outdoor conditions,
using food waste digestate as the singular source of nutrients.
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4.1. Abstract
Turbidity is a problem with microalgal growth in anaerobic digestate (AD) due to increased
light attenuation, consequently resulting in reduced biomass yields. In this study, Chlorella sp.
MUR 269 was cultivated in semi-continuous mode using turbid, high NH3 concentrated (160
± 10 mg L-1) AD of food waste, reaching biomass yield of 4.319 ± 0.18 g L-1 in a inclined thin
layer photobioreactor occupying a surface area of 11 m2. Depth optimizations were
performed by incrementally increasing the depth of the culture on the surface of the inclined
thin layer photobioreactor through 0.005, 008, 0.011, 0.0145 and 0.02 m. The kinetics of
electron flow around photosystem II of the microalgae in culture were used as descriptives
for light utilization and limitations of the optimizations, via variables including relative
electron transfer rate, rETR, and maximum quantum yield, Fv/Fm, and derived parameters
including functional relative electron transfer rate (FrETR) and functional relative electron
transfer rate ratio (FrETR-ratio). After optimizing the depth of the reactor, areal productivity
was increased by approximately 105%, from 10 g m-2 d-1 to 21.134 ± 1.83 g m-2 d-1 (when depth
increased from the 0.005m to 0.011m at an operational culture volume of 140 L. The most
important parameters affecting growth rates and productivity were the mean irradiance
inside the culture and the FrETR of photons for phytochemistry. Compared to previous study
using digestate of similar turbidity, 9.5 times higher areal productivity was attained.

4.2. Introduction
Microalgae are a promising feedstock for biofuels, pigments, vitamins and other high-value
bio-compounds [1]. The genetic diversity of microalgae species offers a wide range of
possibilities in its application to waste and effluent treatment. Also, the phenotypic plasticity
of microalgae species allows them to tolerate and thrive in a wide range of fluctuating
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environmental conditions [2], making them ideal candidates for treatment and valorization
of waste effluents of complex compositions. Consequently, anaerobic digestate of food waste
(ADF) has been identified as a suitable medium for the cultivation of microalgae. We have
previously identified microalgae species capable of proliferation in ADF with high ammonia
nitrogen concentration [3,4]. However, in digestates, light attenuation is greatly increased
because suspended particles scatter and reflect irradiance, leading to increased
photolimitation in cultures and reduced productivities [5]. In microalgal cultivation systems,
photolimitation increases colinearly with biomass concentration and culture depth, with
culture productivity decreasing as the proportion of dark zones increase [6]. Though
mixotrophic species of microalgae are able to utilize organic carbon, as found in digestates
like ADF to partly compensate for low light [7], to maximize biomass productivity it is
imperative to maximize irradiance in culture.
Open ponds and closed photobioreactor design and optimization place a great deal of
emphasis on the fluid dynamics and light dispersion in the systems, with the overarching goal
of eliminating so called “dead zones” [8], and making as much irradiance available to as much
area of the cultivation system as possible, i.e., minimising photolimitation. In open pond
systems such as paddle wheel driven raceway ponds, dry biomass concentration is within 0.3
- 0.7 g L-1 in relatively clear culture media, at standard operational depths of 20 – 30 cm,
because light is typically not able to penetrate to the deeper parts of the pond [9].
Optimization of light distribution in open and closed systems is broadly classified into
temporal and spatial light distribution systems [10]. Spatial distribution systems collect light
and distribute the light inside the photobioreactor. Implementation of these have been
shown to increase biomass productivities by various ratios [4]. Temporal light diffusion is
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based on the physical movement of the cells in the system (mass transfer) and harnesses
turbulence as the distributive mechanism for light [10]. Optimizations of this nature rely on
modifying the fluid dynamics of the system. Turbulence in open system is randomly induced
by the velocity of the fluid in the culture system, created by paddle wheels and maintained at
rates that ensure turbulent flow [8]. Optimization involves increasing random turbulence or
creating less random turbulence in certain directions e.g., increasing vertical velocity or
vertical mixing. Achieving this entails the installation of vortex generating devices like air foils,
delta wings, baffles, and cylinders [11–15][12]. However, addition of extra parts leads to
increase in complexity and capital cost and the improvement in productivities may not always
justify the increased cost.
An alternative to the regular open raceway pond designs is the inclined thin layer
photobioreactor, first developed by Setlik et al. [16]. In this system, the microalgae cells are
channelled over an inclined surface at a thin culture depth of 5 - 7 mm. The advantages of this
system are: a much shorter light path and consequently significantly reduced attenuation,
and higher turbulence which results in better mixing and utilization of the flashing light effect
due to the inclination of the system, reduced volume of culture and hence increased ease of
harvesting and downstream processing [4,17]. The configuration of the inclined thin layer
photobioreactor makes it uniquely suited for microalgae cultivation up to very high densities,
and for turbid media like digestates. Literature on the use of inclined thin layer
photobioreactor for microalgae cultivation using digestates is scanty. However, Raeisossadati
et al. [18] used inclined thin layer photobioreactor for the cultivation of microalgae using
anaerobically digested piggery effluent (ADPE) as medium, and demonstrated up to two times
improvement in volumetric productivities in comparison to a raceway pond using the same
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digestate. However, areal productivities were lower in the inclined reactor than in the open
raceway pond due to unoptimized culture conditions and parameters, and the much larger
surface area to volume ratio of the inclined reactor. Evidently, there is some advantage to be
obtained by reduced surface area to volume ratio, obtainable via depth optimization,
especially regarding turbid media like digestate. Data on such optimization is unavailable, as
the focus regarding depth optimization over the years has been on flow velocity and reactor
maintenance [17,19]. The aim of this study was to optimize the operational depth of the
inclined thin layer photobioreactor for the cultivation of microalgae using turbid digestates.
We focus on culture depth optimization, critically analysing the distribution of light inside the
culture on the surface of the incline, elucidating the effects of the varying in-culture light
intensities on the photosystem II (PSII) kinetics of the cultivated microalgae as descriptives
for limitations of depth adjustments, and its effect on the resulting biomass turnover /
productivity.

4.3. Materials and methods
4.3.1. Inoculum and culture media
Chlorella sp. MUR 269 previously studied and selected as potentially suitable for growth in
Food waste digestate [3] was used in this study. The strain was maintained in ADF diluted to
300 mg L-1 NH3-N in a 5 L flask, 2 L operational volume, for 30 days before proceeding to the
outdoor cultivation. The indoor culture was maintained under 180 µmol m-2s-1 irradiance and
120 rpm mixing speed, in a temperature and humidity-controlled culture room (210C
temperature and 24% humidity). The outdoor culture was scaled up from the flask to a 20 L
(0.1 m2) paddle wheel driven raceway pond (1 week in batch mode) to a 200 L (1 m2) paddle
wheel driven raceway pond (1 week in batch mode). The inoculum for the experiment was
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obtained from the 1 m2 pond. The ADF used in this study was obtained from Richgro anaerobic
digestion plant, 203 Acourt Rd, Jandakot Western Australia, 6164 (32.1042° S, 115.8982° E).
The digestate was used directly, unfiltered, and untreated, but diluted to the required
ammonia nitrogen concentrations. Large particles like seeds and fibre were removed by a
sieve momentarily installed (10 mins) in the downcomer of the inclined thin layer
photobioreactor. The physiochemical properties of the ADF used are described in table 4-1.
Table 4-1: Physiochemical properties of Anaerobic digestate of food waste (ADF) used in
this study. (Mean (SD), n = 6)

Parameter

Stock concentration

Working concentration

Ammonia (mg NH3-N L−1)

3800.0 (72.4)

148.82 (22.8)

Nitrate (mg NO3-N L−1)

325 (9.2)

15.77 (5.2)

Chemical Oxygen Demand (COD)

30,604.13 (144)

1149.14 (398.7)

Nitrite (mg NO2-N L−1)

<1

<1

Phosphate (mg PO4-P L−1)

167.1 (10.4)

6.51 (2.6)

Turbidity (NTU)

14000 (25)

548.11 (3.2)

pH

8.13 (0.27)

7.5 (0.3)

(mg L-1)

4.3.2. Experimental setup and operational conditions
Experiments were performed outdoors in a inclined thin layer photobioreactor (ITLP)
originally based on the design of Doucha and Livansky [17], consisting of a metal frame
(chassis), an inclined frame, a cultivation surface made of transparent plastic, bordered by
clear Perspex, a sump / collection tank, and plastic drainage pipes. The design forms a fulllength reactor of 11.67m × 1.045m with a total area of 12.13 m2 and a 2% slope, set up to
utilize 11m2 of the surface for cultivation. For this experiment one ITLP was used, the inclined
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surface was split into two equal parts using clear Perspex, to essentially create two reactors
with operational cultivation surface of approximately 5.5 m2 each (figure 4-1) (one ITLP was
split into two). Low-stress, open impeller, semi-vortex centrifugal Davey® DC10A submersible
pumps (Davey water products Pty Ltd, VIC, Australia) with a max flow rate of 80 L min-1 were
used to pump the culture from the sump onto the inclined surface of the system. One surface
of the inclined thin layer photobioreactor was always used as control pond running at an
operational depth of 0.005 m while the other surface (experimental pond) was run at
incremental depths of 0.005, 0.008, 0.011, 0.0145 and 0.02m. The pH was regulated and
maintained at 7.5 ± 0.3 by on-demand injection of pure CO2 (pH stat) using a TPS miniCHEM®
pH controller bundled with an automated USB data logger (TPS Pty Ltd, Brendale QLD,
Australia). CO2 infusion and dispersion were achieved using spargers with multiple 10µm
pores. Temperature of the culture in the sumps was monitored online using Hobo 64k
Pendant® temperature loggers (Onset computer Corp, Massachusetts, USA). Incident solar
irradiance and rainfall data were obtained from the Murdoch University weather station,
Murdoch, Western Australia. Increase in depth of culture on the cultivation surface of the
ITLPs was achieved by increasing the number of pumps in the sump for 0.008 – 0.011m depth,
and installing 6mm Ø cylindrical stainless-steel rods as baffles for 0.015 and 0.02m depth
modified from Doucha and Livansky [17]. Evaporation loss in the culture was compensated
for by semi-automated water replacement supplied by an installed calibrated tank. Water
replacement was regulated by a float valve attached to the sumps, keeping the volume of the
culture constant always. At the start phase of the experiments, the ITLPs were operated in
fed-batch mode and then transitioned to semi-continuous mode while the cells were in the
exponential phase. Semi-continuous mode was maintained by harvesting and returning the
total biomass to approximately the same initial points on both inclined surfaces and replacing
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40 – 60 % of harvested culture volume with fresh ADF every 48 or 72 hours (dilution rate of
0.2 – 0.3 d -1). Initial NH3-N levels was maintained at 160 ± 10 mg L-1 by dilution of the ADF
through the period of the experiments as our previous study has shown that the ADF used
here adequately supports the growth of the Chlorella sp. (and various other freshwater
species) used here at NH3-N concentration of 100 – 300 mg L-1 [3,7]. The operational volumes
for the sumps / collection tanks were approximately 60, 100, 140, 210 and 250 L for the 0.005,
0.008, 0.011, 0.0145 and 0.02m depths, respectively. The ITLPs were operated with
approximately 40 % of the operational volume on the surface of the incline at all stages. The
experiments were performed during the months of November 2019 to March 2020 in outdoor
condition of Murdoch suburb Perth, Western Australia (32°04′16″ S, 115°49′30″ E).
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Figure 4-1: ITLPs as set up for the experiments. a, b, c, d represent the 0.005, 0.008, 0.011,
0.02m optimization depths, respectively.

4.3.3. Biomass growth rates, productivities, and nutrient removal
Cell concentration of the microalgae was evaluated through direct microscopic count using a
Neubauer hemocytometer. Total biomass was evaluated as ash free dry weight of the culture
described by Moheimani et al. [20]. Specific growth rate (µ) was calculated as the change in
the natural logarithm of the microalgae cell numbers per time, and volumetric productivities
were calculated as biomass at harvest * dilution rate, as described by Moheimani et al. [20].
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Areal productivity was calculated as: (conc of the culture at harvest * volume of harvest) / (surface
area or ITLP * time between harvest)”. Nitrogen (NH3-N and NO3-N), phosphates and chemical

oxygen demand (COD) concentrations in the cultures were determined using a Hanna
HI83099 COD and Multiparameter Laboratory—Photometer (Hanna Instruments, Romania)
using its proprietary reagents based on standard methods. Measurements for biomass,
photosynthesis, NH3-N and NO3-N and COD were taken from the sump on harvest days, just
before harvest around midday, and immediately after replacement of nutrients. Phosphate
and COD reduction were calculated as: change in Phosphate or COD concentration per time /
change in biomass concentration per time. While ammonia removal rate was calculated as
change in ammonia concentration per time.

4.3.4. Light distribution and inclined thin layer photobioreactor quantum yields
To ascertain real-time in-situ incident and emerging irradiance on the top and from the
bottom of the ITLPs, irradiance spectra were measured using a Stellarnet CXR-SR-50
spectrometer (StellaNet Inc, Tampa, Florida, USA) in the Photosynthetically active radiation
(PAR) range before and after each harvest, and the wavelength specific absorbance of the
cultures (Absculture(λ), (absorbance of total suspended solids i.e microalgae + ADF) were
𝐼𝐼

measured as 𝑙𝑙𝑙𝑙𝑙𝑙 (𝐼𝐼 −0 𝐼𝐼 ) at each wavelength, where I0 = incident irradiance on ITLP, Ic =
𝑡𝑡

𝑐𝑐

emergent irradiance from bottom of ITLP containing the culture (microalgae in ADF) and It =
emergent irradiance from bottom of empty ITLP.
Mean irradiance in the microalgae cultures were estimated using modifications of models
described by Holland and Dragavon [21] as depicted in equations 4-1 to 4-4 below.
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𝐼𝐼𝐿𝐿 = 𝐼𝐼0 . 𝑒𝑒 −𝐿𝐿�𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 .𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎 .𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 �
− 1)

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

1 𝑑𝑑
= � 𝐼𝐼𝐿𝐿 𝑑𝑑𝑑𝑑
𝑑𝑑 0

− 2)
700

𝑃𝑃𝑃𝑃(𝜆𝜆) = 𝐼𝐼(𝜆𝜆) � � 𝐼𝐼(𝜆𝜆)
𝜆𝜆=400

− 3)

700

𝑙𝑙𝑙𝑙(10)
𝜎𝜎 =
� 𝑃𝑃𝑃𝑃(𝜆𝜆) . 𝐴𝐴𝐴𝐴𝐴𝐴(𝜆𝜆)
𝐶𝐶. 𝐿𝐿
𝜆𝜆=400

Where
𝐼𝐼𝐿𝐿

− 4)

(4

(4

(4

(4

= emergent irradiance at the end of the light path L, (µmol photons m-2s-1)

𝐼𝐼0

= incident irradiance, (µmol photons m-2s-1)

𝐼𝐼(𝜆𝜆)

= wavelength of specific incident irradiance (µmol photons m-2s-1)

𝐿𝐿

= light path (meters, m)

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛 = mean irradiance inside the culture available to algae (µmol photons m-2s-1)

𝐴𝐴𝐴𝐴𝐴𝐴

= absorbance

𝑃𝑃𝑃𝑃(𝜆𝜆) = wavelength dependent photon fraction (unitless)
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= absorption cross section [𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎 are absorption cross section of culture

𝜎𝜎

and ADF respectively] (m2gdry weight-1)

𝐶𝐶

= concentration [𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 are culture dry weight and ADF dry weight,
respectively] (gDW m-3)

Quantum yield of the TLIRs (Ψ) in gDW µmols photons-1, were defined as described by Grima
et al., 1997, as:
𝛹𝛹 =

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

(4 − 5)

𝐹𝐹𝑣𝑣𝑣𝑣𝑣𝑣

Where:
𝐹𝐹𝑣𝑣𝑣𝑣𝑣𝑣
𝐹𝐹𝑣𝑣𝑣𝑣𝑣𝑣 =

= volumetric photon flux absorbed (µmol photons m-3s-1), defined as:
𝐼𝐼0 �𝑒𝑒 −𝐿𝐿(𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 .𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) ��
𝐿𝐿

(4 − 6)

4.3.5. Maximum quantum yields, electron transfer rates, and Photosynthesis – irradiance
curves
The photosynthetic parameters of the microalgae were investigated using a pulse amplitude
fluorometer (Water-Pam (cuvette version) fluorometer, Heinz Walz GmbH, Effeltrich,
Germany) consisting of a PAM-CONTROL unit and a WATER-ED (emmiter/detector) unit,
featuring 3 Measuring Light LEDs (peak 650 nm), 12 Actinic LEDs (peak 660 nm) and 3 Far-Red
LEDs (peak 740 nm). The cells were dark adapted for 30 minutes and maximum quantum yield
was calculated as Fv/Fm=

as NPQ =

𝐹𝐹𝐹𝐹−𝐹𝐹𝑚𝑚′
𝐹𝐹𝑚𝑚′

𝐹𝐹𝑚𝑚 − 𝐹𝐹0
𝐹𝐹𝑚𝑚

[23]. Non photosynthetic quenching (NPQ) was determined

[24]. The photoprotective effectiveness of NPQ was assessed as described
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by Ruban and Murchie, 2012, by observing the behaviour of the corrected coefficient of
photochemical quenching (qPd) after dark adaptation.
Where
𝐹𝐹𝑚𝑚 ′ − 𝐹𝐹0 ′
′
𝐹𝐹𝑚𝑚 ′ − 𝐹𝐹0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑞𝑞𝑝𝑝𝑝𝑝 =

′
𝐹𝐹0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
=

Where:

𝐹𝐹0

𝐹𝐹𝑣𝑣
𝐹𝐹0
𝐹𝐹𝑚𝑚 + 𝐹𝐹𝑚𝑚 ′

(4 − 7)
(4

− 8)

Fm

= Maximum fluorescence level after dark adaptation

Fm’

= maximum fluorescence level during treatment (under actinic light)

F0

= Minimum fluorescence level

F0’

= minimum fluorescence level during treatment

Rapid light curves (RLCs) were generated with 10 sec exposure duration at each sequence of
increasing actinic irradiance in 12 pre-set increments ranging from 17 µmol m-2s-1 to 1464

µmol m-2s-1 and plots of relative electron transport rates (rETR) against PAR as Photosynthesis
– Irradiance (P-I) curves were made. The rETR was calculated as φPSII (quantum yield of PSII)
x PAR x 0.5 x 0.84, 0.5 assuming equal absorption by PSI and PSII and 0.84 as efficiency of PAR
absorption by microalgae pigments. The P-I curves were characterised by fitting the ‘twoparameters’ model of Ritchie, 2008, as described in equation 4-4 to 4-9.
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𝑃𝑃 = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝑘𝑘𝑤𝑤 ∗ 𝐼𝐼 ∗ 𝑒𝑒 1−𝑘𝑘𝑤𝑤 𝐼𝐼

Where:
Kw

= a scaling constant for the X-axis

Pmax

= maximum photosynthesis (Max rETR)

𝐼𝐼

= irradiance (PAR)

(4 − 9)

and
𝛼𝛼 (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑙𝑙𝑙𝑙𝑔𝑔𝑔𝑔ℎ 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝑒𝑒 ∗ 𝑘𝑘𝑤𝑤

𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) = 1/𝑘𝑘𝑤𝑤

To better describe and probe the systems, we introduced two quantities: Functional rETR
(FrETR) and functional rETR-ratio of the system. Functional rETR describes and quantifies the
average maximum rETR that the culture in the system, in-situ, functions at as described in
equation 4-10. The functional rETR-ratio describes the proportion of the maximum rETR the
system is functioning at as described in equation 4-11.
𝑛𝑛

1
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = �(𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝑘𝑘𝑤𝑤 ∗ 𝐼𝐼𝑖𝑖 ∗ 𝑒𝑒 1−𝑘𝑘𝑤𝑤 𝐼𝐼𝑖𝑖 )
𝑛𝑛
𝑖𝑖 = 0

(4 − 10)

where
𝐼𝐼𝑖𝑖

= point irradiance along the trajectory of light as it passes through the culture medium,

defined by 𝐼𝐼𝐿𝐿 in equation 4-1.
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𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑘𝑘𝑤𝑤 are obtained from fitting rapid light curves for the experiment as described
above.

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚

(4 − 11)

4.3.6. Statistical analysis

A minimum of five (5) replicates (harvests), for each depth, were used in this study (n = 5) and
the results were expressed as ± standard error. Two-tailed independent t-tests were used to
evaluate significant differences between test and control ITLPs, and significance was based
on p < 0.05. Pearson’s correlation was used to describe relationships between µ and
volumetric productivity and irradiance and mean rETR and rETR-ratio. Significant correlation
was based on was based on p < 0.05. All statistical analysis was performed using IBM SPSS
Statistics (version 26) for windows. Curve fittings and modellings were done in python.

4.4. Results and discussion
4.4.1. Weather and culture conditions
The stages of optimization were carried out in sequential order (0.005, 0.008, 0.011, 0.02 and
0.0145 m depth respectively), each sequence comparing a control depth (0.005m) with a
sequential increase in depth (0.008, 0.011, 0.02 and 0.0145m). Figure 4-2 describes the
weather conditions and the states of the culture systems throughout the cultivation period
and the various stages of depth optimization in this study. Maximum daytime air
temperatures were around 42 0C and minimum night-time temperatures were around 9.9 0C,
daily daytime (daytime corresponds to 6 am – 6:30 pm) average air temperatures were
around 28.60C. Corresponding maximum daytime temperatures of the culture in the ITLPs
were 40 0C and night-time lows around 13 0C, daily daytime average temperatures of the
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cultures were around 30.7 0C. There was no significant difference between the temperature
profiles of control and test ITLPs through the period of cultivation (p > 0.05). Incident
irradiance on the surface of the ITLPs had average (two days average) daytime maximum of
1742.5 µmol m-2s-1 at the start of the experiment to 1181.7 µmol m-2s-1 towards the end of
the experiment. The culture pH was maintained mostly between 7 and 7.7 through the
cultivation period, by CO2 infusion. There was no significant difference between the incident
irradiance and pH profiles of the control and test ITLPs through the cultivation period (p >
0.05). Water loss due to evaporation during the cultivation period ranged from maximum
daily average values of values of 20.225 ± 2.55 L d-1 to minimum values of 14.826 ± 1.94 L d-1.
There was no significant difference for water loss between the control and the test ITLPs for
all the stages of optimization (see table 4-2 for detailed numeric descriptions).
Flow velocity of the ITLP s ranged from 0.357m s-1 in the fastest flow (0.011m depth ITLP) to
0.12 m s-1 in the slowest flow (0.02m s-1 depth ITLP). This kept Reynolds values within the
range of 1612.633 ± 0.19 to 3787.147 ± 0.23, within the requirements for turbulence, above
the range for laminar flow (< 500) and above the range of transitional flow (1000) in open
channels [8] (see table 4-2). The flow rate and the turbulence on the inclined surfaces in this
study, combined with the shallow depth characteristic of ITLP s, would ideally allow utilization
of the advantages that come with adequate mixing, such as good mass transfer and any
advantage that results from the flashing light effect [11,13,27]. This also gives credence to the
use of mean irradiance (Imean), as the basis of this is that residence of the cells in any particular
location is very short and thus the systems behaves as though it is experiencing a constant
light intensity across the depth equal to the average of the local light intensities [28].
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Figure 4-2: Weather and culture conditions of the ITLPs (test and control) during the period
of cultivation.
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4.4.2. Culture growth
The biomass productivities and growth rates of the optimization stages are summarised in
figure 4-3 and table 4-2. The first stage of optimization (0.005m depth) was a validation of the
consistency of the two halves (test and control) of the ITLP used in this study, so the two
halves of the ITLP were run at 0.005m depth. There was no significant difference for µ and
volumetric productivity between the test and control (0.005 and 0.008m depth) (p = 0.126
and 0.107). However, there was a significant difference (p < 0.001) between the ITLPs for areal
productivity, with the 0.008m test pond having higher areal productivity of 14.266 ± 0.6 g m2
d-1 in comparison to 9.53 ± 0.45 g m2 d-1 in the control ITLP. There was also no significant
difference for µ and volumetric productivity between the test and control in the 0.011m
depth (p = 0.596 and 0.533 for µ and volumetric productivity respectively) but there was a
significant difference (p = 0.001) for areal productivity between the test and control with the
0.011 depth having higher areal productivities. Though there was no significant difference in
µ and volumetric productivities in the 0.008 and 0.011m stages, an apparent reduction in
these values was observed as depth increased. Consequently, in the next stage of
optimization (0.0145m), µ, volumetric productivity (p < 0.001 for both µ, volumetric
productivity) and areal productivity were significantly different (p = 0.001). With µ and
volumetric productivity lower for the 0.0145m depth test ITLP and areal productivity higher
also in the 0.0145m test ITLP. The same pattern was observed for the 0.02m stage, µ and
volumetric productivity significantly lower for the 0.02m test ITLP (p < 0.001 for both values).
However, there was no significant difference (p > 0.05 in all) for areal productivity between
the 0.005m control ITLP and the 0.02m test ITLP (p = 0.597). See table 4-2 for detailed numeric
description of values.

174

Here, µ and volumetric productivity are inversely proportional to the depth. The maximum
biomass concentrations attainable in this study also decreased in like manner (table 4-2). It is
an established scientific fact that biomass yield, rates and productivities increase as depth is
reduced, that is, as the light path on which irradiance travels through cultures is reduced, and
there are less available photons for the algae cells to utilize for phytochemistry [9,29]. The
development of the ITLP since its inception in 1963 to 2017 has seen productivities improved
from 7 to 18 g m-2d-1 with operational depth of 0.006 – 0.007m, through various methods to
increase turbulence on the flow surface, in clear synthetic media [19]. With CO2
augmentation, maximal productivities have reached 23 and 20 g m-2d-1 in cultures of Chlorella
sp. and Arthrospira platensis [30,31], all in clear synthetic media. The results presented here
for our optimal depth with average values of 0.584 ± 0.14 g AFDW L-1 d-1, 21.134 ± 1.83 g
AFDW m-2 d-1 and 4.319 ± 0.18 g AFDW L-1 are similar to maximal values reported in the
literature as highlighted above, especially considering that the culture medium used here
(ADF) is many times more turbid than clear synthetic media. However, the results obtained
here are significantly higher than those gotten from previous study using ITLPs and piggery
waste digestate effluent with volumetric productivities of 0.061 ± 0.050 g AFDW L-1 d-1 and
areal productivities of 2.0 ± 1.6 g m-2d-1 [18] (this study has more than 10 times higher
productivity). The difference between the areal productivities of the stages of depth
optimization is a function of the volume of culture harvested. Hence, as long as the volumetric
productivities and µ values of the test ITLPs do not deviate significantly from that of the
control ITLPs (lower depth), an advantage in terms of areal productivity can be exploited. Here
areal productivity has improved 102 % from the control depth to 0.011m depth. If there is a
vast difference in growth rates (if test rates are lower than control rates), the advantage
offered by increased volume is lost and areal productivities of the shallow and deeper systems
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begin to equilibrate with those of the deeper depths, as seen in figure 4-3 (the effect of
volume becomes significantly less from the 0.0145m stage). Maximum areal productivity
values for ITLP have been estimated via modelling to be 55 g m-2 d-1 and maximal
photochemical activity has been reported to be in the range of 6.5 – 12.5 g DW L-1 [32]. Though
this has not been achieved and demonstrated, it could be attained if biomass concentration
could be increased by smart methods, to its maximum. Considering the boundaries imposed
on the biomass, the optimum depth obtained here is 0.011m, which resulted in the highest
areal productivity of 21.134 ± 1.83 g AFDW m-2 d-1. Hu et al. [33] also had similar results
regarding optical path (depth) in a flat plat reactor, reporting 50% increase in optimal cell
density when optical path was reduced from 0.1 to 0.013m. Though the areal productivity
achieved here is comparable to those attained in regular raceway ponds, it is noteworthy to
state that using ITLPs will result in significant saving of water and downstream processing cost
compared to open raceway ponds, since the operational volume of the ITLP at 0.011m is
depth approximately twenty three (23) times less than would be used in an open raceway
pond operating at 0.3 m depth for the same surface area.
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Table 4-2: Overall state of the ITLPs. Data is reported ± standard error of means. n = 5 – 8. In each stage. Underlined and emboldened
data values represent “significantly higher”, regular text fonts represent “no significant difference”.
Depth (m)

Cell count x 108(mL- Biomass
)

conc

pH

Evaporation loss (L d- Velocity (m s-1) Reynolds

1

(gAFDW L-1)

)

0.005

1.53 ± 0.04

4.674 ± 0.11

7.270 ± 0.04

19.824 ± 2.07

0.327

1612.633 ± 0.19

0.005

1.50 ± 0.05

4.522 ± 0.08

7.248 ± 0.03

19.824 ± 2.07

0.327

1612.461 ± 0.13

0.005

1.45 ± 0.06

4.361 ± 0.1

7.450 ± 0.03

17.9 ± 0.85

0.327

1612.162 ± 0.11

0.008

1.49 ± 0.09

4.151 ± 0.1

7.222 ± 0.02

17.9 ± 0.85

0.342

2663.733 ± 0.23

0.005

1.38 ± 0.09

4.627 ± 0.19

7.521 ± 0.02

20.225 ± 2.55

0.327

1612.434 ± 0.12

0.011

1.28 ± 0.01

4.319 ± 0.18

7.371 ± 0.03

20.225 ± 2.55

0.357

3787.147 ± 0.23

0.005

1.50 ± 0.04

4.685 ± 0.27

7.521 ± 0.02

16.648 ± 2.14

0.327

1612.636 ± 0.37

0.0145

1.19 ± 0.03

3.679 ± 0.04

7.521 ± 0.03

14.826 ± 1.94

0.24

3304.088 ± 0.13

0.005

1.53 ± 0.09

4.474 ± 0.21

7.537 ± 0.02

19.239 ± 1.35

0.327

1612.341 ± 0.26

0.02

1.21 ± 0.10

3.822 ± 0.22

7.345 ± 0.02

18.062 ± 0.74

0.124

2311.045 ± 0.51

1
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Figure 4-3: Growth rates and productivities and, nutrient removal and reduction in the ITLPs. Error bars represent standard error
of means
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4.4.3. Nutrient removal and biomass yield from nutrient
The nutrient depletion rates and utilization are described in figure 4-3 and table 4-2. The term
‘ammonia removal’ in this study is used loosely to describe the decrease in ammonia
concentration which is the sum of ammonia nitrogen utilization by the biomass and the ammonia
lost via volatilization and stripping, while Phosphorus and COD were discussed in terms of
substrate biomass yield (mg gbiomass-1). There was no significant difference for ammonia nitrogen
removal rate (NH3-N mg d-1) between control and test ITLPs for the first three depths (0.005,
0.008, 0.011m) (p = 0.786, 0.538 and 0.864 respectively). However, there was significant
difference in the NH3-N removal rates between the test and control ITLPs for the 0.0145 and
0.02m depths (p = 0.012 and p < 0.001 respectively), with the removal rates higher in the test
ITLPs (0.0145 and 0.02 depth) in both stages. There was no significant difference in the biomass
yield per phosphorus consumed between the control and test ITLPs in all the stages of
optimization (0.005, 0.008, 0.011, 0.0145, 0.02m) (p = 0.611, 0.855, 0.982, 0.409 and 0.780
respectively). There was also no significant difference in biomass yield for the organic carbon
(inferred from COD) between the control and test ITLPs for all the depths (p = 0.615, 0.788, 0.524,
0.224 and 0.399 respectively). However, there appears to be an apparent increase in difference
for COD reduction as the ITLPs depth increases from the 0.011 to 0.02 m, with COD reduction
seemingly higher in the test ITLPs of the 0.011 and 0.0145 stages of optimization and an apparent
reversal with COD reduction seemingly lower in the test ITLP of the 0.02m stage.
While the high biomass concentration reported in this study would naturally consume a higher
amount of ammonia nitrogen, it does not adequately explain the large decrease in ammonia
concentration (up to 74.919 ± 4.27 mg L-1 d-1 in the lower depth ITLP s), especially when compared
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to the phosphorous utilization rate, bearing the Redfield’s ratio in mind [34]. In all, 87.7 – 97.8 %
of the ammonia nitrogen, 46.6 – 68.4 % of phosphorous and 36.9 – 58.8 % COD in the ITLP s had
been removed from the culture at the end of the respective cultivation periods. Although the pH
of the ponds was regulated by automation to minimize volatilization, the data shows that the pH
in the ITLPs with lower depths remained slightly higher than those of higher depth, though not
significantly. This variation can be explained by the higher specific growth rates (µ) observed in
the ITLPs with lower depth, hence eliciting a higher rate of CO2 and HCO3- absorption from the
culture and the subsequent increase in the pH values. The equilibrium between ionized and
unionized ammonia (NH4+ and NH3) in solution is strongly dependent on pH and temperature.
Here, with culture temperatures averaging at 30 – 35 0C, air temperature 28 – 32 0C and pH
ranging between 7 – 7.7, going by reference [35] it can roughly be estimated that at least 8 % of
the available ammonia in the culture is in its unionized form (NH3) at all times. However,
determining the dissociation constants for ammonia is no trivial issue and is the topic of rigorous
discussion, as other issues like surface charge of organic matter in systems can significantly affect
the values [36]. The ADF used in this study has a significant quantity of organic compounds. The
real issue in systems like the ITLP in relation to ammonia loss, is the volatilization flux which is
dependent on convective mass transfer. Convective mass transfer is a function of flow velocity
and hydraulic diameter, as well as temperature. Since ITLP has very low hydraulic diameters
(0.0002 – 0.0008m for 0.005 to 0.02m depth), convective mass transfer is significantly higher
than obtainable in regular raceway ponds. This results in a relatively high volatilization flux and
consequently high ammonia stripping in the systems studied here. The difference between
hydraulic diameters of the various depths of the ITLPs also accounts for most of the disparity
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between the removal at the various depths, especially the deeper depths of 0.0145 and 0.02m.
Further probing and modelling of volatilization flux is beyond the scope of this study, but a
detailed description of concepts and models can be found in Montes et al. [36].
Phosphorus utilizations between the control and test ITLPs was not significantly different as
reported in the result section. Also, the variations between the phosphorous utilization per
biomass concentration were minimal throughout the study period. The most variation through
the period was observed at the final depth (0.02m stage) (figure 4-3). This depth also has the
lowest incident and mean irradiance in the ITLPs (figure 4-2 and table 4-3). The variation in
phosphorous utilization could be categorized as luxury uptake, as various species of algae
including Chlorella, Arthrospira and Scenedesmus sp. have been demonstrated to perform luxury
uptake under low light conditions [37–40]. Regarding COD utilization, there was no significant
difference between the systems but there is a trend showing increase in COD reduction per gram
biomass as the depth increased. In our previous study, it has been demonstrated that microalgae
tend to rely incrementally on mixotrophy as available irradiance reduces in culture [7]. The
slightly higher COD reduction in the ITLPs of deeper depth (0.011 and 0.0145m) might be because
of that.
4.4.4. Photosynthesis, light profiles, and reactor quantum yield
The photosynthetic responses and associated parameters are described in table 4-3. Figure 3
describes rapid light curves (PAR vs rETR, curves fitted to data points according to equation 4-9)
of the test and control ITLPs at each depth. There was no significant difference between the test
and control ponds for maximum light utilization coefficient, α, in all the depths (p > 0.05). There
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was no significant difference between the control and the test ponds for rETRmax for all the stages
of optimization (0.005, 0.008, 0.011, 0.0145, 0.02m). At the 0.02m depth, rETRmax was apparently
higher in the control ITLP compared to the test ITLP. Also, at the stages with deeper depths
(0.011, 0.0145 and 0.02m), NPQmax was significantly higher in the control ITLPs compared to the
test ITLPs (p = 0.001, 0.01 and p < 0.001 respectively). Fv/Fm (maximum quantum yield of PSII)
values were not significantly different in the 0.005m stage (p = 0.600), however, the difference
in Fv/Fm became significant with increase in depth through the 0.008 and 0.011 stages, with the
test ITLPs having significantly higher Fv/Fm values (p = 0.026 and 0.002 respectively). There was
no difference for Fv/Fm values between the test and control ITLPs for the 0.0145m stage (p =
0.141), however the trend was maintained with the test ITLP having an apparent higher value.
Ioptimum (irradiance at which rETR of PSII is maximum) was not significantly different (p > 0.05)
between the control and test ITLPs for all the depths, signifying a similar functional irradiance
range for PSII in all the stages. Note that there was no significant difference in pigmentation of
the microalgae cells at all the depths in this study (data not shown). The derived parameters
FrETR and FrETR-ratio are described in table 4-3. Analysis show that there was no significant
difference between the test and control ITLPs for FrETR in the 0.005, 0.008 and 0.011m stages of
the optimization (p = 0.764, 0.976 and p = 0.964 respectively). However, there was significant
difference between the test and control ITLPs in the 0.0145 and 0.02m stages (p = 0.013 and p <
0.001), with the test ITLPs having lower FrETR values. FrETR-ratio was significantly different for
the test and control ITLPs (p < 0.001) from the 0.008 to 0.02m stages, with values consistently
and incrementally lower as the thin layer pond depth increased. FrETR and FrETR-ratio also
displayed significant correlation (p < 0.001) with the specific growth rate and volumetric
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productivity, with higher Pearson’s r coefficients higher than observed for mean irradiance (Imean)
(see figure 4-4). Table 4-3 also describes the profile of light obtainable inside the culture on the
inclined surface, mean irradiance (Imean), alongside the incident irradiance (I0) impinging on the
surface of the ITLPs. There was no significant difference for Imean between the control and test
ITLPs for 0.005m depth (p = 0.666). However, as depth increased during optimization (0.008,
0.011, 0.0145, 0.02m), the light profile of the culture became significantly different with Imean
significantly less (p = < 0.001 for all depths) in the test ITLPs compared to the control ITLPs for all
depths as the depth of the reactor increased. figure 4-4 describes scatter plots correlating Imean
and I0 with µ and volumetric productivity. The plots represent all the points for µ, and volumetric
productivity plotted against corresponding for points for Imean in the stages of optimization.
Quantum yield of the ITLPs (Ψ) as defined by equations 4-5 and 4-6 were, not significantly
different (p > 0.05) for the control and test ITLPs for all the stages of optimization in this study
(0.005 – 0.02m). However, the trend was that Ψ was slightly higher in the test ITLPs as the depth
increased until 0.011m then a turnaround at 0.0145 and 0.02m depth where Ψ became higher in
the control ITLPs (see table 4-3).
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Table 4-3: Photosynthetic parameters, light profiles and pond quantum yields of the ITLPs. of the ITLPs. In each stage, underlined and
emboldened data values represent “significantly higher”, regular text fonts represent “no significant difference”. “Stage” represents the depth
at the which the control pond is running.
Depth
(m)
0.005
0.005
0.005
0.008
0.005
0.011
0.005
0.0145
0.005
0.02

I0(µmol
photons
m-2 s-1)
1662.641
28.3
1662.641
28.3
1535.281
56.33
1535.281
56.33
1447.505
51.7
1447.505
51.7
1003.173
51.81
942.19
66.44
1136.371
83.0
1085.972
105.5

±
±
±
±
±
±
±
±
±
±

Imean(µmol
photons m2 -1
s )

rETRmax(µmol
electrons m-2
s-1)

Ioptimum(µmol
photons m-2 s1
)

NPQmax

Fv/Fm

FrETR (µmol
electrons m2 -1
s )

FrETRratio

Ψ (gAFDW
µmol
photons-1)

769.084
26.98
785.122
24.46
716.089
22.01
519.432
15.47
713.075
26.91
399.801
17.25
452.121
26.32
193.218
11.31
536.348
45.7
171.864
19.75

±

22.98 ± 1.35

391.905 ± 15.58

1.741 ± 0.14

0.575 ± 0.01

22.549 ± 1.29

0.982 ± 0.0

0.077 ± 0.01

±

23.38 ± 0.89

392.229 ± 6.26

1.597 ± 0.09

0.565 ± 0.02

23.018 ± 0.84

0.985 ± 0.0

0.0735 ± 0.01

±

22.687 ± 1.54

399.784 ± 12.81

1.331 ± 0.13

0.586 ± 0.01

22.159 ± 1.44

0.978 ± 0.0

0.0775 ± 0.01

±

25.39 ± 0.9

424.647 ± 14.82

1.123 ± 0.15

0.627 ± 0.01

22.213 ± 1.03

0.873 ± 0.01

0.0857 ± 0.01

±

21.089 ± 2.38

361.7 ± 22.66

2.329 ± 0.11

0.632 ± 0.02

20.916 ± 2.32

0.993 ± 0.0

0.0886 ± 0.02

±

27.942 ± 2.13

412.755 ± 12.69

1.31 ± 0.15

0.702 ± 0.0

21.042 ± 1.42

0.755 ± 0.01

0.1153 ± 0.03

±

23.905 ± 1.04

405.019 ± 13.13

2.125 ± 0.25

0.645 ± 0.02

21.802 ± 1.29

0.911 ± 0.02

0.1166 ± 0.0

±

29.497 ± 2.85

438.589 ± 5.96

0.792 ± 0.18

0.691 ± 0.02

14.2 ± 1.57

0.48 ± 0.01

0.0799 ± 0.01

±

26.755 ± 2.67

431.364 ± 15.48

1.736 ± 0.09

0.654 ± 0.02

26.709 ± 1.43

0.937 ± 0.02

0.1213 ± 0.02

±

23.55 ± 2.44

421.994 ± 13.75

0.363 ± 0.07

0.637 ± 0.03

10.37 ± 0.9

0.406 ± 0.03

0.0872 ± 0.01
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Figure 4-4: Scatter plots of test thin layer inclined showing correlation between specific growth rates and incident irradiance, mean
irradiance, mean rETR and rETR-ratio (a, b c, and d respectively). e, f, g and h described correlation with volumetric productivity.
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Though all the stages of this study were performed in the summer, with incident irradiance
ranging between 750 and 1800 µmols m-2s-1PAR, the light profiles inside the culture (Imean),
on the surface of the incline, which is dependent on culture depth and concentration, varied
quite significantly as a result of variations in depth (figure 4-2 and table 4-3). An obvious
observation in this study is that µ and volumetric productivity significantly correlate with Imean,
and as depicted in figure 4-4, there is a stronger correlation between Imean and µ (r = 556, p <
0.001) than there is between I0 and µ (r = 0.262, p = 0.038). Lower mean irradiance inside the
culture Imean, would naturally lead to reduced phytochemistry and growth rates. Also, it has
been demonstrated that in low light and CO2 bubbling, and consequently increase dissolved
inorganic carbon (DIC), carbon concentrating mechanisms (CCMs) would be down-regulated
with negative impacts on growth rates [41]. It can be seen from table 4-3 that as we increased
the depth of the culture on the surface of the ITLPs Fv/Fm and rETR consistently increased
(though not significant, p > 0.05) while µ and volumetric productivity consistently reduced
until after the 0.0145m stage. Decrease in Fv/Fm (which estimates the fraction of absorbed
quanta used for phytochemistry by PSII) is a standard response of microalgae to inhibitory
levels of irradiance. At first glance, this appears to indicate that the cultures in the systems
with lower depths were photoinhibited, especially considering the significantly higher NPQ (a
measure of quenching of quanta by the thylakoid lumen and zeaxanthin dependent
processes, hence not utilized for phytochemistry by PSII) values in the lower depths (table 43). However, this is inconsistent with the significant reduction in µ even as Fv/Fm and rETR
increased. Here, to ascertain any photoinhibitory effect of the higher irradiance in the
cultures (Imean), we evaluated the integrity of the coefficient of photochemical fluorescence
quenching (qP) in the dark according to Ruban and Murchie [25]. Their technique gives insight
to the trade-off between the metabolic cost of photoinhibition and the reduction in quantum
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yield that results from engaging NPQ. The principle is based on the premises that qP in the
dark is equal to 1 and a significant deviation of qPd from 1 is an indication of photoinhibition
(see equations 4-7 and 4-8). We found no significant deviation of qPd from 1 for as much as
1500 µmols m-2s-1 irradiance intensity. Based on this, it can be said that there was no
photoinhibition but only a minimal downregulation of PSII as there was no significant
deviation of qPd from 1 for as much as 1500 µmols m-2s-1. The reduction in Fv/Fm and rETRmax
for the shallower ITLPs was more as a result of increased NPQ than of photoinhibition, as both
NPQ and photoinhibition both diminish the quantum yield of PSII [23,42]. The
photoprotective portion of the NPQ via the zeaxanthin cycle provided adequate
photoprotection against any photoinhibition, hence resulting in increased µ and volumetric
productivities in the control ITLPs regardless of reduced Fv/Fm and rETRmax.
Richmond et al. [43] stated that one of the basic factors for obtaining maximal productivity
for high density cultures is that the average irradiance in the culture (Imean) should fall at the
linear phase of the P-I curve, hence around optimum irradiance (Ioptimum) and optimum
rETRmax. The FrETR describes the actual functional max rETR of the culture, averaging out the
spatial rETR across the depth of the culture on the ITLP. The FrETR-ratio on the other hand,
describes the capacity the culture is performing at in relation to its maximal rETR, also giving
an indirect quantification of how much of the culture is in optimal irradiance and hence
optimal rETR. The results show that FrETR follows the same pattern as µ and volumetric
productivity, with significantly lower values for the higher depth test ITLPs. As depicted in
figure 4-4, FrETR and FrETR-ratio both have significantly stronger correlations with µ in
comparison with I0 and Imean. The FrETR-ratio variable here, 0.02m depth for example,
indicates that the control ITLP (0.005m depth) through the study were functioning at about
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93.7% of their optimum rETRmax compared to 40.6% in the test ITLP (0.02m depth), with FrETR
of 26.909 ± 1.43 and 10.37 ± 0.9 µmols photons m-2s-1 respectively (table 4-3). This definitively
supports the pattern observed for µ. As depth increased FrETR and FrETR-ratio reduced to
critically low values. In this experiment after 0.011m depth there was a significant difference
in FrETR between the test and control making 0.011m a critical point (FrETR dropping from
21.042 in 0.011m depth to 14.2 ± 1.57 in 0.0145m depth), at least in the boundaries of this
experiment. Same applies to FrETR-ratio; at 0.011m depth the culture was performing at 75%
its optimal rETR, above which the performance dropped to 48% (table 4-3). Ψ represents the
biomass turn over per unit quanta, however, it is more descriptive of the capacity of the
culture to absorb irradiance entering the culture vessel, than it is of the cultures ability to
efficiently convert the absorbed irradiance to biomass. In the aspect of efficiency of usage of
quanta frETR and frETR-ratio are more suitable metrics as they account for loss of quanta due
to dissipation by photoprotective mechanism of the algae. Hence the pattern of Ψ is opposite
to that of frETR and frETR-ratio, increasing as depth increased up to 0.011m. However, as
depth increased above 0.011m, there is much less light in the system to be converted to
biomass hence Ψ drops, again asserting 0.011m as a critical point, at least in the boundaries
set in this study. Also, Ψ displays poor correlation with µ (r = 0.459, p = 0.011), weaker than
the correlation observed between Imean and µ reaffirming that FrETR and FrETR-ratio are more
accurate and descriptive of the performance on the culture system. By all indications above,
the optimal depth in this study for biomass productivity, especially considering areal
productivity, is 0.011m.
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4.5. Conclusion
In this study we’ve assessed optimizing the operational depth of a inclined thin layer
photobioreactor for the cultivation of microalgae using turbid food waste digestate. Focusing
on the effect of culture depth on biomass yield and productivity, and critically analysing the
distribution and utilization of light inside the culture on the surface of the incline, utilizing PSII
kinetics as a guide to the limitations of the depth variations. High biomass density and
increased areal productivity is achievable with very turbid substrates like ADF, if culture depth
is optimized to maximize light distribution inside the culture such that relative electron
transfer is maximal. Here µ remained relatively stable until after 0.011 m depth after which
there was a significant drop indicating that higher depths adversely affected growth rate. PSII
kinetics, as indicated by FrETR and FrETR-ratio, indicate that functional rETR is significantly
higher at lower depths as a higher proportion of the culture is exposed to irradiance, as
depicted by higher NPQ levels. The optimum depth should be chosen at the point where the
trade-off between higher growth rates, (and consequently biomass yield, g L-1), and harvested
volume (represented in areal productivity) is not disadvantageous. In this study, the optimum
depth for cultivation on this ITLP is 0.011m when ADF is used, above which growth rates
reduced significantly and any advantages offered by volume increase regarding areal
productivity becomes inconsequential.
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CHAPTER 5
Chapter preface
Knowing that food waste digestate can be used as a feedstock for the cultivation of various
freshwater microalgae species, with some of them showing outstanding tolerance for the
toxic ammonia nitrogen concentration levels, a study was carried out investigating how food
waste digestate could be valorized using species that have been shown to be very sensitive
to ammonia nitrogen concentrations. In the following chapter, I look at using food waste
digestate as a feedstock for the cultivation of the popular high value saltwater species
Dunaliella Salina, popularly grown for its high β-carotene content. This time, the focus was
not on treatment of the digestate but on utilizing the nitrogen and phosphorous in the
digestate as replacement for nutrients, boycotting the cost associated with synthetic sources
of nitrogen and phosphorous. Dunaliella Salina has been demonstrated to display inhibited
carotenoid production if ammonium salts were used as the source of nitrogen. The following
chapter details my study investigating the response of carotenogensis in Dunaliella Salina if
ammonia nitrogen from food waste digestate was used as source of nitrogen, and the effect
of salinity, temperature, and irradiance on the species ability to utilize food waste digestate
ammonia nitrogen.
This chapter has been published as:
David Chuka-ogwude, Mahmoud Nafisi, Hanifa Taher, James C. Ogbonna, Navid R.
Moheimani.
Food waste digestate as a source of nitrogen for the cultivation of Dunaliella salina; influence
on growth and carotenogenesis under hyper osmotic stress.
Journal of Applied Phycology (2021), 34, 101 – 112.
Doi: https://doi.org/10.1007/s10811-021-02663-1.
Impact factor: 3.215.
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1.10. Abstract
Dunaliella salina is well known for its ability to accumulate high contents of carotenoids within
its cell when cultivated under high salinity and high irradiance. However, as with all
microalgae, cultivation processes are expensive when synthetic fertilizers are used for
cultivation. In this study, we assessed the feasibility of utilizing anaerobic digestate of food
waste as a source of nitrogen for the cultivation. D. salina MUR 8 was cultivated in F-medium
with partial to complete replacement of the nitrogen (0 – 100 % digestate nitrogen) source
under high salinity (150 - 250 ‰) conditions to study both cell growth and carotenogenesis.
Further investigation of the physiological response of the species was performed under
varying irradiance and temperature levels. Maximum growth rate of 0.141 ± 0.022 d-1 and
carotenoid content of 3.53 ± 0.47 mg g-1 were achieved at 150 ‰ salinity and under mild
irradiance of 180 µmol m-2 s-1, in medium where nitrogen was completely replaced with food
waste digestate nitrogen. Higher irradiance above 400 µmol photons m-2 s-1 and higher salinity
had combined negative effects on growth and carotenogenesis, reducing growth rate and
carotenoid content to 0.047 ± 0.01 d-1 and 1.797 ± 0.37 mg g-1 respectively, due to the NH3-N
species present in the digestate. However, under increased irradiation and temperature, in
comparison with cultures grown in synthetic medium with nitrate salts as nitrogen source,
there was no significant difference in biomass productivity when the strain was cultivated
using food waste digestate as sole nitrogen source.
1.11. Introduction
Dunaliella salina is an extremophilic halophile able to growth under high salinities, ranging
from 10 to 350 ‰ (Borowitzka and Borowitzka 1990). Its halophilic nature, especially at high
salinity, affords it a significant advantage in outdoor cultivations, as very few organisms are
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able to tolerate such high salinities, and thus contamination from other organisms including
bacteria and microalgae are significantly reduced (Shetty et al. 2019). Dunaliella salina has
been cultivated as a commercial source of high value metabolites such as β-carotene
(Borowitzka 1999). When cultivated under conditions of high irradiance, high salinity,
phosphorous and nitrogen limitation, species are able to accumulate large amounts of βcarotene, from 5% under large scale production to as high as 10% of the total dry biomass in
more controlled environments (Ben-Amotz 1995; Borowitzka 2013). The accumulation of βcarotene has been suggested to be mainly a response to high irradiance, providing protection
against the effects of high irradiance, including scavenging reactive oxygen species (BenAmotz 1987; Xu and Harvey 2019; Xi et al. 2020). In addition to β-carotene, D. salina produces
other valuable carotenoids in much smaller quantities such as lutein (García-González et al.
2003) and zeaxanthin (Kim et al. 2017). Thus, D. salina biomass is widely used as provitamin
supplements in aquaculture and animal feeds, food additives, and in production of cosmetics
products with antioxidants properties (Borowitzka 2013).
As is common with the production of stress induced metabolites in any biotechnological
process, the induction of accumulation of high value products such as carotenoids in D. salina
comes at the cost of reduced growth rates, and consequently lower productivities (Prieto et
al. 2011). An effective way to maximize the productivity of biomass and carotenoids of
Dunaliella salina was proposed by Ben-Amotz in 1995. He proposed a biphasic growth system
which involved a “green“ phase tailored towards the accumulation of biomass in which
culture medium is replete with nutrients required for growth, and a “red” phase in which
stress is induced by nutrient limitation, and high irradiance (Ben-Amotz 1995). Also,
hyperosmotic conditions in salinity up to 200 – 350‰ has been shown to significantly increase
β-carotene production in D. salina (Borowitzka et al. 1990). In any microalgae cultivation
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process, nutrient consumption (mainly obtained from nitrogen and phosphate fertilizers)
represents a significant portion of the operational cost of biomass production, and cheap
sources of nutrients such as waste water are considered as economically viable alternatives
(Chuka-ogwude et al. 2020b; Espada et al. 2020). In addition to the cost of obtaining organic
fertilizers, production of fertilizers consumes a lot of energy and generates a significant
amount of greenhouse gases in the form of nitrous oxide, methane and carbon oxide
(Borowitzka and Moheimani 2013). Generally, nitrogen can be supplied in culture in different
forms viz: urea, nitrate and ammonia, and the form it is supplied could influence the
composition of the cells obtained (Fidalgo et al. 1998). For most microalgae species, growth
rates are higher with ammonia-based nitrogen because it is the preferred form of nitrogen
and no enzymatic reduction is required for its assimilation, in contrast to other nitrogen
sources like nitrate (Rückert and Giani 2004). However, the use of ammonia-based nitrogen
requires more careful management in algal cultures as opposed to other nitrogen sources. In
the cultivation of D. salina, ammonium salts are generally considered as less effective
nitrogen sources because of their potential toxicity at higher concentrations, especially at
high temperatures and high irradiance (Borowitzka 1988). The toxicity of ammonia nitrogen
is partly due to equilibrium shifts between NH4+ and NH3. The more reactive species, NH3, is
transported into the cells by active diffusion, and at high concentrations can lead to disruption
of photosynthesis by damaging the manganese (Mn) cluster of the Oxygen-evolution complex
of photosystem II (PSII) (Boussiba and Gibson 1991; Drath et al. 2008). Also, laboratory studies
have revealed that ammonium salts, like ammonium nitrate, inhibit the formation of βcarotene in D. salina, and in actively growing cultures can lead to acidification and culture
collapse (Borowitzka and Borowitzka 1988).
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Anaerobic digestate of food waste (ADF), on the other hand, is a high strength wastewater
containing significant concentration of nitrogen in the form of ammonia nitrogen, phosphates
and organic carbon, and has been highlighted to be a suitable source of nutrients for the
cultivation of various microalgae species (Chuka-ogwude et al. 2020a, b). Also, considering
that pathogens are essentially eliminated from ADF during the process of anaerobic digestion
(Seruga et al. 2020), the digestate can be applied as feed stock across a wide variety of use
cases. However, the concentrations of ammonia nitrogen in this waste is toxic to most
microalgae and requires significant dilution before being used, even for sturdy species like
Chlorella and Scenedesmus (Nwoba et al. 2019; Chuka-ogwude et al. 2020a). Though growth
of D. salina has been demonstrated in various low strength wastewater types, mostly with
nitrates as the major source of nitrogen, with varying levels of success (Hosseini Tafreshi and
Shariati 2009; Liu and Yildiz 2018), not much has been done on harnessing high strength
wastewaters like digestates for the cultivation of D. salina towards biomass and carotenoid
production. In this study, we investigated the growth of D. salina in synthetic growth medium
supplemented with ADF as the source of nitrogen and phosphate. The main aim of this study
is to evaluate the effect of ammonia nitrogen present in the digestate on the growth,
photosynthesis, and carotenogenesis of the species, especially under extreme conditions of
hyper salinity and irradiance. The goal is to ascertain if ADF can be used as a suitable source
of nutrients for the large-scale cultivation of D. salina to save operational costs associated
with fertilizers, and an application of the waste to profit paradigm.
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1.12. Materials and methods

5.1.1. Experimental setup
The D. salina (MUR 8), used in this study was obtained from the Murdoch University
microalgae culture collection. The ADF was obtained from Richgro anaerobic digestion plant,
203 Acourt Rd, Jandakot Western Australia, 6164 (32.1042° S, 115.8982° E). Two different
cultivation media were tested as shown in table 5-1. The first was F-medium (Guillard and
Ryther 1975) prepared in deionized water of the desired salinity, termed . The second was
prepared by dosing FM (without the nitrogen and phosphorous source) until the desired
concentration of ammonia-N was attained, termed AD. The Phosphorous in the AD was
supplemented to equate the concentration of total Phosphorous in FM using NaH2PO4.H2O.
Table 5-1: Chemical composition of the medium variants tested
Nutrient

Concentration
FM

FAM

AD (100 % N replacement)

NaNO3

150.00 mg L-1

-

-

NH4Cl

-

93.38 mg L-1

-

ADF-NH3-N

-

-

23.60 mg L-1

ADF-NO3-N

-

-

1.10 mg L-1

ADF-P

-

-

0.91 mg L-1

NaH2PO4.H2O

10.00 mg L-1

10.00 mg L-1

7.00 mg L-1

FeCl3.6H2O

6.30 mg L-1

6.30 mg L-1

6.3 mg L-1

Na2EDTA.2H2O

8.72 mg L-1

8.72 mg L-1

8.72 mg L-1

ZnSO4.7H2O

0.044 mg L-1

0.044 mg L-1

0.044 mg L-1

CoCl2.6H2O

0.02 mg L-1

0.02 mg L-1

0.02 mg L-1

MnCl2.4H2O

0.36 mg L-1

0.36 mg L-1

0.36 mg L-1

Na2MoO4.2H2O

0.0126 mg L-1

0.0126 mg L-1

0.0126 mg L-1

CuSO4.5H2O

0.0196 mg L-1

0.0196 mg L-1

0.0196 mg L-1

Total Nitrogen

24.70 mg L-1

24.70 mg L-1

24.70 mg L-1

Total Phosphorous

2.24 mg L-1

2.24 mg L-1

2.24 mg L-1

pH

7.10

7.10

7.10
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Phase 1; effect of salinity and ADF-nitrogen:
The first phase of the experiment was designed to assess the feasibility and effect of partial
to total replacement of nitrogen in standard FM with ADF nitrogen on Dunaliella salina. Also,
an assessment of the effect of salinity on the utilization of the various concentrations of ADF
nitrogen by the species was done. D. salina stock culture was cultivated in FM at 50 ‰ salinity,
at 24oC temperature under 180 µmol photons m-2 s-1 irradiance and 70 rpm mixing speed using
a magnetic stirrer. The exponential phase culture was split into two and transferred to fresh
FM and salinity made up to 150 and 250 ‰ salinity respectively, using NaCl, simulating a
salinity up-shock in an attempt to create two carotenoid profiles (mid-range and high-range
salinity respectively) in each culture (Borowitzka et al. 1990). The 150 and 250 ‰ salinity
cultures were maintained for one week and thereafter, cells from each culture were used as
inoculum for the experiments. FM cultures, and AD cultures containing 25, 50, 75, 100 %
replacement with ADF ammonia nitrogen (FM cultures without NaNO3, spiked with ADF until
desired nitrogen concentration), in both 150 and 250 ‰ salinities were prepared in 250 mL
Erlenmeyer flasks (150 mL working volume) and were inoculated with the corresponding
acclimated cells (initial cell density of 5 x 105 cells mL -1) as described above, and as depicted
in table 5-2. Phase 1 experiments were performed under ambient temperature and humidity
conditions (24oC and 24 %) under 180 µmol photons m-2 s-1 irradiance and intermittent manual
mixing.
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Phase 2; effect of temperature and irradiance:
This phase of the experiment was designed to assess the effect of temperature and irradiance
variation on growth, carotenogenesis and photosynthesis of Dunaliella salina in relation to
nitrogen source, with ADF nitrogen being the focus. The chosen salinity, and ADF ammonia
nitrogen concentrations from phase 1 were used in this phase. D. salina was cultured in the
standard FM as a negative control, the modified FM with the preferred ADF ammonia
nitrogen concentration from phase 1 (AD) as test, and FM modified by replacing NaNO3 with
NH4Cl (FAM) as a positive control (table 5-1). The three (3) culture variants (FM, AD, and FAM)
were inoculated with exponential phase cells (initial cell density of 5 x 105 cells mL-1)
acclimated at the preferred salinity from phase 1 and cultivated under irradiance of 400 and
1000 µmol photons m-2 s-1 respectively, and also under temperatures of 25 and 35oC. The
experiments were conducted in 250 mL Erlenmeyer flasks (150 mL working volume) and run
for a duration of 21 days. Sampling was performed every 72 hours. The experiments were
performed in a water bath with intermittent manual mixing. Irradiance was provided by
PAR38 19 W LED adjustable lights (Verbatim lighting, Australia).

5.1.2. Analytical procedures
Microalgae cell concentrations were determined through direct microscopic count using
Neubauer haemocytometer after fixing with 2% Lugol’s iodine (Ohman and Snyder 1991).
Specific growth rate (µ) was calculated as the natural logarithm of the change in the
microalgae cell numbers per time, and biomass productivity was calculated as the change in
microalgal biomass concentration over time (Moheimani et al. 2013). Pigment extraction was
performed using 90 % acetone as described in Jeffrey and Humphrey, (1975). After extraction,
total carotenoids concentration was determined using equations described by Abu-Rezq et
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al. (2010), and chlorophylls a and b concentrations were determined using equations of
Jeffrey and Humphrey, (1975). Lipid extraction was performed according to the method of
Bligh and Dyer (1959) as described in Moheimani et al. (2013) and expressed in percentage
(w/w) of ash free dry weight of biomass. Ash free dry weight was determined by filtering the
culture through pre-weighed and pre-combusted GF/C glass microfibre Whatman filter
papers (2.5 cm diameter). The biomass on the filter was washed twice with 5mL of 0.5 M
ammonium formate to remove residual salt as described by Zhu and Lee, (1997). The filter
paper was then dried at 90oC in a hot air oven overnight, and then ashed at 450oC in a furnace
for 5 hours. Ash free dry weight was determined to be the weight of the biomass after oven
drying minus the weight of the biomass after ashing in the furnace.
The maximum quantum yield in actinic light, Fv’/Fm’ of the cultures was used as an indicator
of stress on PSII of the species (Murchie and Lawson 2013) using a pulse amplitude
fluorometer (Water-PAM (cuvette version) fluorometer, Heinz Walz GmbH, Effeltrich,
Germany), calculated using equation 5-1 𝐹𝐹𝑣𝑣 ′ /𝐹𝐹𝑚𝑚′ =

𝐹𝐹𝑚𝑚′ −𝐹𝐹𝑜𝑜′
𝐹𝐹𝑚𝑚′

(Genty et al. 1989; Cosgrove and

Borowitzka 2010). Rapid light curves (RLCs) were used to describe characteristics of the
electron transport chain of the microalgae in the different treatments. The RLCs were
generated as described by Chuka-ogwude et al. 2020d with 20 seconds exposure duration at
each step of increasing actinic irradiance in 12 pre-set increments ranging from 23 µmol m-2s-

1 to

1948 µmol m-2s-1. The relative rETR was calculated using equation 5-2, 0.5 assuming equal

absorption by PSI and PSII and 0.84 as efficiency of PAR absorption by microalgae pigments.
The P-I curves were characterised by fitting the two-parameters model described by Ritchie,
(2008), and used to derive photosynthetic parameters. Non photosynthetic quenching (NPQ)
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was determined using the water PAM after 30 minutes of dark adaptation, using equation 53 𝑁𝑁𝑁𝑁𝑁𝑁 =

𝐹𝐹𝐹𝐹−𝐹𝐹𝑚𝑚′
𝐹𝐹𝑚𝑚′

Fv ′ /Fm′ =

(Cosgrove and Borowitzka 2010).

𝐹𝐹𝑚𝑚′ −𝐹𝐹𝑜𝑜 ′
𝐹𝐹𝑚𝑚′

rETR = φPSII x PAR x 0.5 x 0.84
NPQ =

𝐹𝐹𝐹𝐹−𝐹𝐹𝑚𝑚′
𝐹𝐹𝑚𝑚′

(5-1)
(5-2)
(5-3)

5.1.3. Statistical analysis
All experiments were carried out in triplicates (n = 3), and the results expressed as arithmetic
means ± standard error. In phase one, Multivariate Analysis of Variance (MANOVA) was also
used to analyse interaction effects between salinity and ADF ammonia concentrations,
followed by split tests and Bonferroni post-hoc test. Phase two data was analysed via
Multivariate Analysis of Variance (MANOVA) to determine main effects of irradiance,
temperature, and nitrogen source as present in medium, and interaction effects between
irradiance, nitrogen source and temperature. Follow up split tests (ANOVA, then Bonferroni
post hoc) were performed to analyse differences between levels of irradiance, and levels of
temperature. Significance was based on P < 0.05. All statistical analyses were performed using
IBM SPSS version 26 for windows and curve fittings and modellings were done in Python 3.5.
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1.13. Results

5.1.4. Effect of salinity and ADF-nitrogen (phase 1):
5.1.4.1. Cell growth and biomass productivity
Phase 1 experiments are designed to assess the feasibility of partial and total replacement of
nitrogen in the synthetic medium using ADF-N. They were conducted over a time course of
17 days under relatively mild incident irradiance of 180 µmol photons m-2 s-1. Figure 5-1 (a
and d) show the maximum growth rates µmax, and maximum biomass productivities for 150
and 250 ‰ salinities. There was significant main effect of salinity on µmax and maximum
biomass productivity (MANOVA, P = 0.006 and 0.002, respectively) of D. salina MUR 8 and
there was no significant main effect of the ADF-N proportions assayed on the same
parameters (MANOVA, P > 0.05). However, there was a significant interaction effect between
salinity and ADF-N proportion for µmax (MANOVA, P = 0.03). The post-hoc analysis from oneway ANOVA split test analysis showed that for each salinity treatment level (150 and 250 ‰),
there was no significant difference in growth rates µmax, between the various ADF-N
proportions (one-way ANOVA, P > 0.05). However, there was a decline in µmax as the
concentration of ADF-N increased above 50% replacement, in the 250 ‰ salinity cultures
creating a divergence away from the trajectory of the values observed in the 150 ‰ cultures.
Highest µmax of 0.141 ± 0.022 d-1 was obtained for 100 % ADF-N proportion in 150‰ salinity
whereas a lowest µmax value of 0.067 ± 0.003 d-1 was obtained from 100 % ADF-N proportion
in 250‰ salinity. The highest µmax in the 250‰ salinity was 0.11 ± 0.02 d-1 for the 50% ADF-N
replacement cultures. A similar pattern was also observed for biomass productivity. Highest
biomass productivity of 0.043 g L-1 d-1 was observed in the 150 ‰ salinity tested culture.
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5.1.4.2. Carotenogenesis
As for pigments production within cells growth, results showed that there was a significant
main effect of salinity on the pigmentation of the species for chlorophyll-a production, and
carotenogenesis (MANOVA, P < 0.001). Also, the concentration range of ADF-N studied here
had no significant effect on both chlorophyll-a and total carotenoids production (MANOVA, P
> 0.05). Moreover, there was no significant interaction effect between salinity and ADF-N
proportions for both pigments (MANOVA, P > 0.05). Within the different salinities, cultures of
the various levels of ADF-N did not display any significant differences in pigmentation.
Chlorophyll-a and carotenoid contents were both higher in the 150 ‰ cultures in comparison
to the 250 ‰ salinity cultures, as can be seen in figure 5-1 (b and e). Highest carotenoid
concentrations were 3.53 ± 0.47 and 2.40 ± 0.09 mg g-1 for 150 ‰ and 250 ‰ salinity,
respectively.

5.1.4.3. Photosynthesis
ADF-concentrations had no significant effect on the photosynthesis of D. salina as determined
using equation 5-2 (MANOVA, P > 0.05) values, and there was no interaction effect between
salinity and ADF-concentrations for the parameters (MANOVA, P > 0.05). However, salinity
had a significant effect on both parameters, with values higher in the 150 ‰ salinity cultures
as shown in figure 5-1 (c and f). Within the different salinities, there was also no significant
difference for rrETR and Fv’/Fm’ between the treatments with varying concentrations of ADFN.
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5.1.5. Effect of temperature and irradiance in relation to nitrogen source (Phase 2):
5.1.5.1. Cell growth and biomass productivity
To further investigate the utilization of ADF-N by D. salina MUR 8 under high salinity, the
conditions that elicited the most stress on the strain were selected (250 ‰ salinity, and 100%
ADF nitrogen replacement), and the effect of irradiance and temperature at these levels were
studied. Figure 5-2 describes interaction effects between nitrogen source and irradiance,
nitrogen source and temperature, and temperature and irradiance. µmax was significantly
higher in FAM with synthetic ammonium (MANOVA, P < 0.001) and was lowest in AD medium.
There was no significant interaction effect between nitrogen source and temperature
(MANOVA, P > 0.05), but there was a significant interaction effect between nitrogen source
and irradiance (MANOVA, P < 0.05), and irradiance and temperature (MANOVA, P < 0.05). For
FM and AD media at lower temperature, an increase from low irradiance to high irradiance
elicited an increase in µmax, whereas at higher temperature, an increase in irradiance elicited
reduced µmax. An opposite effect was found for FAM medium (figure 5-2a and table 5-2).
Growth rates were significantly higher under lower irradiance (P < 0.05), except for AD
medium where there was no significant difference (P > 0.05) (figure 5-2b).
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Figure 5-1: Interaction plots for phase 2. Row 1 (a-c) represent interaction between medium type and temperature, medium type and

irradiance, and irradiance and temperature respectively, on maximum specific growth rate. Row 2 (d-f) interaction between medium
type and temperature, medium and irradiance, and irradiance and temperature on carotenoid concentration. Row 3 (g-i) interaction
between medium type and temperature, medium and irradiance, and irradiance and temperature, on electron transport rate. Row 4 (jl) interaction between medium type and temperature, medium and irradiance, and irradiance and temperature, on non-photosynthetic
quenching respectively. Row 5 (m-o) interaction between medium type and temperature, medium and irradiance, and irradiance and
temperature, on maximum quantum yield in actinic light. Error bars represent standard error of means.
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Table 5-2: Growth parameters, biomass product content, and nutrient consumption of D. salina (MUR 8) grown at different irradiances and temperatures
in different cultivation media. Data are represented as mean ± standard error of the mean. Hierarchical significant difference comparing maximums
between the groups: a > b > c.

Medium
FM

Irradiance (µmol
photons m-2 s-1)
400

µmax (d )
0.048 ± 0.0

Biomass prod (mg L-1
d-1)
21.141 ± 0.75

Carotenoid content
(mg g-1)
2.803 ± 0.61

Temp ( C)
25

lipid content (%)
42.93 ± 0.44

FM

400

35

0.063 ± 0.01b

22.882 ± 0.53b

1.785 ± 0.19

43.731 ± 1.12

FM

1000

25

0.054 ± 0.01

19.647 ± 0.54

2.415 ± 0.37

42.295 ± 1.87

FM

1000

35

0.037 ± 0.0

17.74 ± 2.0

3.03 ± 0.85 b

40.019 ± 1.43

FAM

400

25

0.114 ± 0.01a

32.24 ± 2.69a

3.227 ± 0.26a

44.748 ± 2.31

FAM

400

35

0.09 ± 0.0

29.139 ± 6.22

2.152 ± 0.18

43.927 ± 2.43

FAM

1000

25

0.075 ± 0.0

26.952 ± 3.96

2.61 ± 0.24

43.243 ± 2.87

FAM

1000

35

0.09 ± 0.0

29.349 ± 5.33

2.084 ± 0.07

44.5 ± 2.48

AD

400

25

0.039 ± 0.0

20.025 ± 0.17

1.415 ± 0.15

40.845 ± 0.33

AD

400

35

0.043 ± 0.0

21.155 ± 0.28

1.586 ± 0.07

42.506 ± 0.62

AD

1000

25

0.031 ± 0.0

17.67 ± 0.2

1.337 ± 0.15

43.631 ± 1.66

AD

1000

35

0.047 ± 0.01b

21.136 ± 1.96b

1.797 ± 0.37c

40.962 ± 2.16

o

-1
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5.1.5.2. Carotenogenesis
Main effects and interaction effects of nitrogen source, irradiance, and temperature, on
carotenogenesis were determined and shown in figure 5-2d – f. Analyses indicated that
irradiance and temperature had no significant main effect on total carotenoid content
(MANOVA P > 0.05), in relation to the nitrogen source in the medium. However, nitrogen
source had a significant main effect on carotenogenesis (MANOVA, P < 0.05). There was no
significant interaction effect between nitrogen source and temperature in relation to
carotenogenesis (MANOVA, P > 0.05). There was a significant interaction effect between
nitrogen source and irradiance (MANOVA, P < 0.05). However, the interaction effect between
nitrogen source and irradiance was more pronounced in the FAM medium, as it was more
sensitive to irradiance levels than the FA and AD media. There was also a significant
interaction effect between temperature and irradiance (MANOVA, P < 0.05). At the lower
temperature, an increase in irradiance led to reduced carotenogenesis while at the higher
temperature an increase in irradiance led to increased carotenogenesis. Generally,
carotenoid content was significantly lower in the AD cultures than in both the FA and FAM
cultures (MANOVA, P < 0.05) (table 5-2).

5.1.5.3. Photosynthesis
Main effects and interaction effects of nitrogen source, irradiance, and temperature, relating
to photosynthesis are shown in figure 5-2g – o. Both nitrogen source and irradiance had
significant main effects on Fv’/Fm’, rETRmax and NPQ (MANOVA, P < 0.05). The temperature
range used in this study also had significant main effects on NPQ (MANOVA, P < 0.05) but not
on Fv’/Fm’ and rETRmax (P > 0.05). There was significant interaction effect between nitrogen
source and irradiance for rETRmax and NPQ (MANOVA, P < 0.05) but not for Fv’/Fm’ (P > 0.05).
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There was also interaction between nitrogen source and temperature for all three parameters
(MANOVA, P < 0.05). Also, there was no significant interaction effect between irradiance and
temperature for rETRmax and Fv’/Fm’ (MANOVA, P > 0.05), but there was for NPQ (MANOVA,
P < 0.05). Generally, higher irradiance and temperature levels were better for electron
transfer rates, with rETRmax being significantly (MANOVA, P < 0.05) higher in AD cultures than
in the FA and FAM cultures. NPQ values were also higher when the algae was grown at higher
temperature. For higher temperature, NPQ remained stable through the studied irradiance
range but for the lower temperature, increased irradiance reduced NPQ values (figure 5-2L).
NPQs were significantly higher in FA cultures than in FAM and AD cultures (MANOVA, P <
0.05). NPQ values for FAM and AD cultures were not significantly different (MANOVA, P >
0.05). The Fv’/Fm’ values were significantly higher in the FAM cultures in comparison to the
FA and AD cultures (MANOVA, P < 0.05), and there was no significant difference in Fv’/Fm’
values between the FA and AD cultures (MANOVA, P > 0.05). Generally, Fv’/Fm’ values were
higher under lower irradiance.

5.1.6. Lipids
The nitrogen source in the media types has no significant main effect (MANOVA, P > 0.05) on
the lipid content of D. salina MUR 8 in this study. Also, the range of irradiance and
temperature used in this study had no significant main effect on the lipid content of the
species. There was also no significant interaction effect between nitrogen source and
irradiance, nor irradiance and temperature (MANOVA, P > 0.05), relating to lipid content of
the cells. Average lipid content of the species across treatment was around 43% (w/w) (table
5-2).
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1.14. Discussion

5.1.7. Phase 1
As seen in figure 5-1, an increase in the concentration of ADF-N above 50% progressively led
to divergence between the growth rates in the different salinity profiles, with values
decreasing in the 250‰ salinity cultures. This negative interaction effect between salinity and
ADF-N proportions is indicative of a compounding stressor effect in relation to the species
ability to utilize ADF-N and/or toxicity of increasing concentrations of ADF-N. However, it is
clear from the results presented here that the ammonia/ammonium concentration for the
range of ADF-N used in this study, on its own (as a main effect), is not toxic to D. Salina MUR
8. The increased inhibitory effect observed with increasing ammonia nitrogen in ADF can be
explained with reference to the equilibrium between NH3 and NH4+, which is affected by pH,
temperature, and salinity in decreasing order (Bower and Bidwell 1978). At more alkaline pH,
there is increased proportion of unionized ammonia (NH3) in the system, but as salinity
increases the proportion of NH3 reduces (Bower and Bidwell 1978). However, the presence of
sodium and chloride ions hinder changes in pH that could occur from the release of protons
into the media, and thus favours the equilibrium towards NH3 in higher salinity, compared to
lower salinity systems (Sampiro et al. 2002). Some or a combination of these mechanisms are
most probably responsible for the reduced growth with increasing ADF concentration at
higher salinity. Regarding carotenogenesis, the difference in the carotenoid content of D.
salina MUR 8 in the two salinity profiles was obvious, with both chlorophyll a and total
carotenoids production being less at the higher salinity. Literature reports that higher
salinities increase carotenoid concentrations in cells of D. salina, and show that carotenoids
production and content in 250 ‰ are higher than those found with salinities of 150 ‰ and
below (Borowitzka et al. 1990).
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Figure 5-2: Phase 1 study of maximum specific growth rate, biomass productivity, and photosynthetic responses of D. salina MUR 8 in various percentages of nitrogen
replacement using ADF, under 150 and 250 ‰ salinity. (a represents charts of maximum specific growth rates and biomass productivity, b represents carotenoid content, and
c represents relative electron transfer rates (rrETR) and maximum quantum yields). Error bars represent standard error of means. Significant differences are described by the
letters at the top of the bars: a is significantly > b, and b is significantly > c. Bars with the same letters are not significantly different.
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However, in this study we find that with ADF-N as the nitrogen source, D. salina MUR 8 did
not conform to this classical behaviour. The statistical analysis reported in section 5.4.1.2
shows that ADF-N on its own at the concentration range used in this study had no significant
main effect on carotenogenesis and no interaction effect with salinity. On the other hand, the
suppression of pigmentation (including chlorophyll a), from higher values in 150 ‰ to lower
values in 250 ‰ salinity, is an indication of stress on the photosystem of the organism. Also,
as seen in figure 5-1, there is an apparent reduction in chlorophylls and carotenoids contents
as the proportion of ADF-N increased above 75% at both salinities. Though this was not
statistically significant, it is an indication of increased inhibitory effect on carotenogenesis by
ADF-N, especially considering that increased turbidity, however minimal (as is the case with
increasing concentrations of ADF) should have resulted in an increase in pigmentation as an
attempt to increase light harvesting capacity (Chuka-ogwude et al. 2020c). In regard to
reduced carotenoids,

our results are in agreement with literature that reports that

carotenoids such as β-carotene production is inhibited when ammonium salts are used as
nitrogen source (Borowitzka and Borowitzka 1988). It has been established that ammonia
triggers damage of Photosystem II in most microalgae (Drath et al. 2008), and considering the
roles that β-carotenes and zeaxanthin play in the reaction centres, and accessory pigments in
the light harvesting complexes of PSII (Horton and Ruban 2005; Braslavsky and Holzwarth
2021), it follows that a disruption of PSII should have a negative effect on carotenoids, and
these effects could become more prominent under higher salinity.
Regarding photosynthesis in this phase of the study, as described in section 5.4.1.3 and shown
in figure 5-1 c, salinity, more than ADF-N addition was the main factor for differences in
rETRmax and Fv’/Fm’ values, at least for the concentrations of ammonia nitrogen used here.
The influence of ADF-N within the salinity treatments was not obvious. The lower Fv’/Fm’
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values observed in the higher salinity cultures is descriptive of increased stress on PSII, as
Fv’/Fm’ is an indicator of the physiological status of PSII (Chuka-ogwude et al. 2020c). Most
photosynthetic organisms show impaired photosynthetic activities under saline stress which
has been attributed to the dissociation of the thylakoid membrane extrinsic proteins of the
oxygen-evolving complex of PSII from the membrane-intrinsic proteins of the complex
(Murata and Miyao 1985). Also, in cyanobacteria, high concentrations of NaCl have been
shown to inactivate Na+/H+ antiporters leading to inhibitory ionic effects on the PSI and PSII
(Allakhverdiev et al. 2000). Significant decrease in PSII activity has also been demonstrated in
Dunaliella tertiolecta under high salinity due to ionic and saline stress (Gilmore et al. 1985).
The negative effect of salinity on PSII activity as reflected by reduced electron transfer rates
in microalgae have also been reported in literature (Subramanyam et al. 2010). Findings in
this study, especially in relation to reduced rETR in higher salinity, agree with the abovementioned studies. Further discussions are made in section 5.5.2 regarding this. However, it
is clear so far that D. salina MUR 8 can tolerate a complete replacement of nitrogen with ADFN in medium, and under high salinity.

5.1.8. Phase 2
The results as stated in section 5.4.2.1 showed that the temperature variation used in this
study, as a main effect, had a significant effect (P < 0.05) in the growth rate of D. salina MUR
8, especially regarding its ability to utilize the various forms of nitrogen sources studied. It is
well-known that microalgae cells utilize ammonia preferentially and at a higher rate than they
do with nitrates. This is mainly because the process of ammonia consumption is less energetic,
compared to nitrates (Rückert and Giani 2004). However, in this study, µmax for FM and AD
were closer to each other, whereas µmax in FAM which contained ammonium chloride was
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higher even though the nitrogen source in AD is an ammonia-based nitrogen (figure 5-2 (a
and b)). This indicates some degree of variance between the utilization and / or effect of
ammonia in the form of ammonium chloride salt and the form of ammonia in ADF. While FAM
with NH4Cl as nitrogen source followed the classical pattern, AD did not. Also, the effect of
increased irradiance was depending on the nitrogen source, more so between NH4Cl and ADFN as the nitrogen source, as indicated by the interaction effect detailed in section 5.4.2.1. This
behaviour displayed via µmax is probably due to the species of ammonia/ammonium present
in the ADF. Typically, digestates contain sizable amounts of both species of ammonia nitrogen
(NH3 and NH4+), in addition to small amounts of ammonium carbonate and struvite in a
balance governed by temperature, pH and salinity as stated earlier; these species are formed
from the mineralization of organic nitrogen in feedstock for anaerobic digestion (Natthiporn
et al. 2019). On the other hand, the first trajectory for NH4Cl in solution would be aqueous /
protonated ammonium (NH4+), therefore toxicity relating to NH3 would be more dependent
on pH in comparison to ADF, which already contains both species (NH3 and NH4+) regardless
of pH value. Considering this and the toxicity of ammonia to microalgae cells, especially in
relation to higher irradiance (Drath et al. 2008), this provides a possible explanation for the
lower µmax determined in AD cultures in comparison to FAM. The interaction effect of
temperature and irradiance indicates that lower temperature and irradiance favoured higher
µmax. However, for AD cultures higher temperatures and irradiance favoured higher µmax (table
5-2). Favourable temperatures for growth of D. salina is in the range of 20 – 40oC, and growth
at the higher end of this spectrum has been shown to elicit lower growth rate (Borowitzka
and Borowitzka 1988; Gómez and González 2005) as observed for the FA cultures tested in
this study. The deviation from this response by the AD cultures could be an artifact of
volatilization of the NH3 species and stressor relief at higher temperatures.
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Regarding carotenogenesis, the results described in section 5.4.2.2 indicated that the
temperature and irradiance as main effects did not elicit any significant difference in the
behaviour of D. salina MUR 8 in the different tested media (FA, FAM, AD). However,
carotenoid content was significantly less in the AD cultures (figure 5-2d and e), and the data
determined indicated that this is mostly because of the nitrogen source used, also influenced
in a combinatory manner by the level of irradiance (as indicated by the interaction effect
between nitrogen source and irradiance described in section 5.4.2.2). Cultures of FAM
consistently had the same carotenoid content as the FA cultures, but significantly higher than
the AD cultures. This indicates that the reduced carotenogenesis in the AD cultures is most
probably due to disruption of the photosystem triggered by increased influence of NH3
species. Findings here regarding the ammonium salt (NH4Cl in FAM) found in this work
disagree with Borowitzka and Borowitzka, (1988) results that stated that salts of ammonium,
e.g. ammonium nitrate, resulted in inhibition of β-carotene production. However, since the
actual concentration of the ammonia and ammonium species in medium is not known, the
actual reason is not clear. However, all the analyses strongly suggest that carotenogenesis
inhibition is mainly due to the species of ammonia nitrogen in the ADF. Other than the abovestated, carotenogenesis in the different growth medium (within treatments / groups) agree
with the general pattern for Dunaliella species, higher irradiance, lead to an increased
carotenoid content (Ben-Amotz 1987; Gómez and González 2005).
As for the effect on the photosynthesis, as detailed in section 5.4.2.3, the main factors
responsible for variance in the parameters such as rETR, NPQ and Fv’/Fm’ were nitrogen
source in the medium and irradiance. Also, the magnitude of the effect depended on the
irradiance, especially in relation to the variation between FAM and AD. Notable in this study
is the significantly higher rETR observed in the AD cultures in comparison to the FA and FAM
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cultures (with FAM having the least rETR), especially considering that the AD cultures had
lower growth rates. The reason for this increased rETR in the AD cultures cannot be clearly
stated based on the data obtained in this study. A possible explanation for increased rETR in
the AD cultures could be an effort by the microalgae to provide an alternative electron sink
in an attempt at homeostasis. Other electron sinks within the photosynthetic electron chain
could divert energy from oxygen evolution to other functions like nitrogen assimilation or to
cyclic electron flow in the water-water cycle / Mehler reaction (Holmes et al. 1989; Wilken et
al. 2014). Also, looking at the rETR from phase 1 (sections 5.4.2.3 and 5.5.1) there was no
significant difference in the rETR values between the 250‰ salinity cultures with the varied
percentage replacement of ADF-N (0% - 100% ADF-N). In this phase of the study, there was a
markedly increased rETR. This is likely due to increased metabolism resulting from increased
irradiance and possible mixotrophy, and it is known that increased metabolic activity causes
microalgae species to initiate mechanisms to remove excess reducing equivalents (Davis et
al. 2013). This is a likely path to follow, especially if there is some compromise to the
photosynthetic system, for example due to NH3 species. Non-correlation of rETR values to
Fv’/Fm’ values could also be an indication of an alternative sink for electrons apart from PSII.
NPQ values in the AD cultures decreased in comparison to the FA and FAM cultures, indicative
of reduction in the accessory pigment activity, which can be linked to the effect of NH3 species
inhibition of PSII, and PSII accessory pigments as discussed in section 5.5.1. This is supported
by the results of lower carotenogenesis in the AD cultures. Also, Fv’/Fm’ results, especially
comparing the FAM and AD cultures indicate that the factor responsible for the reduced
photosynthetic activity is linked to the nature of the nitrogen source, in this case, the
ammonia nitrogen species. The findings here are in agreement with our previous reports on
the inhibitory effect of ADF on rETR and Fv’/Fm’ of microalgae (Chuka-ogwude et al. 2020c).
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Regrading lipid content, Dunaliella species has been reported to accumulate lipids in the
range of 35 to 55% w/w (Oren 2014; Yilancioglu et al. 2014; Ishika et al. 2018), and findings
of this work are within reported (table 5-2). The relatively high content of total lipids observed
in this study can be attributed to more free glycerol content and less triacylglycerols (TAGs).
It has been demonstrated that under high salinity and osmotic stress Dunaliella species are
known to accumulate significant amounts of glycerol for osmotic stabilization (Borowitzka et
al. 1990). On the other hand, TAGs accumulation are associated with nitrogen limitation (Pick
and Avidan 2017) and this study was not designed around nitrogen limitation, and was
performed in the ‘green phase’ of D. salina growth. The same reasoning also applies to the
generally low content of total carotenoids in the cells as the organism was not in the high
carotenoid accumulation phase as triacylglycerols and β-carotene accumulation could be
coupled (Wu et al. 2020). A future interest would be studying the impact of the nitrogen
sources during the accumulation phases (high light and nitrogen limitation) of lipids and
carotenoids for D. salina, especially in view of the coupling and uncoupling of TAGs and βcarotene production at various levels of nitrogen limitation (Bonnefond et al. 2017).
1.15. Conclusion
In this study, we assessed the use of anaerobic digestate of food waste (ADF) as a partial and
total replacement nitrogen source for the cultivation of D. salina MUR 8 under hypersaline
conditions. We have also studied the physiological response of D. salina MUR 8 towards
elevated stress environments, namely salinity, temperature, and irradiance, when nitrogen
source is completely supplied via ADF. Within the boundaries of hypersaline conditions
investigated in this study, we conclude that the best conditions for utilization of ADF as
nitrogen source for the cultivation of D. salina MUR 8 is 100 % replacement of nitrogen in the
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F-media with ADF at 150 ‰ salinity under mild irradiance of 180 µmol photons m-2 s-1, with
cells having carotenoid content of 3.53 ± 0.47 mg g-1 and maximum growth rate of 0.141 ±
0.022 d-1. Further elevation of stress conditions including irradiance and heat stress revealed
that the strain’s growth becomes more sensitive to inhibition by the ammonia nitrogen
present in ADF at high salinity and irradiance due to the NH3-N species present in ADF.
Temperature had a less significant impact on growth of the microalgae. Carotenogenesis was
negatively impacted by the ammonia nitrogen present in ADF in comparison to synthetic
medium with nitrate salts. Analysis of the PSII revealed that ADF-N in combination with higher
irradiance negatively impacts photosynthesis process. However, the biomass productivities
of the cultures in synthetic medium with nitrate salts as nitrogen source, and cultures using
ADF as the nitrogen source were not significantly different indicating that ADF could be used
as a source of nitrogen for the strain cultivation.
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CHAPTER 6
Chapter preface
Having tested and ascertaining the viability of using food waste anaerobic digestate for the
cultivation of a range of microalgae species, identifying tolerant strains able to grow in high
concentrations offering the advantage of reduced dilution, and identifying and optimizing a
cultivation system suited to high turbidity feedstock, the next step was to prove that the
chosen system is indeed superior to conventional microalgae systems for biomass production
using food waste anaerobic digestates. The following chapter details a comparative study
between a thin layer inclined photobioreactor and a regular raceway pond, comparing
biomass productivities and digestate treatment capabilities for both systems in outdoor
conditions. Details on light distribution in-situ, efficiency of light utilization by the cells in
culture, and nutrient consumption rates were explored as response variables informing the
comparison.
This chapter has been published as:
David Chuka-ogwude, Bede Michan, James C. Ogbonna, Navid R. Moheimani.
Developing food waste biorefinery: using optimized inclined thin layer pond to overcome
constraints of microalgal growth on food waste digestate.
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6.1 Abstract
Diversion of food waste from landfill through anaerobic digestion is a sustainable form of
energy (biogas), and the waste effluent (digestate) can be further utilised as a nutrient supply
for the cultivation of microalgae in the biorefinery concept. However, digestate has very high
nutrient concentrations and is highly turbid, making it difficult to utilize as a nutrient source
with conventional microalgae cultivation systems. Here we compared the efficiencies of a
conventional open raceway pond (ORWP) and an improved inclined thin layer
photobioreactor (ITLP) for the utilization and treatment of food waste derived digestate by
Chlorella sp. The ITLP improved on volumetric and areal productivities by 17 and 3 times over
the ORWP, with values of 0.563 g L-1 d-1 and 31.916 g m-2 d-1 respectively. Areal nutrient
removal by the microalgae biomass were 2359.759 ± 64.75 mg m-2 d-1 and 260.815 ± 7.16 mg
m-2 d-1 for nitrogen and phosphorous respectively in the ITLP, which are 2.8 times higher than
obtained in the ORWP. The superiority of the ITLP stems from its ability to support a much
higher average biomass yield of 6.807 g L-1, which is 7 times higher than in the ORWP. Mean
irradiance in-situ was higher in the ITLP, irradiance distribution and utilization by the culture
in the ITLP was 44 % more efficient than in the ORWP. Our results indicate that the ITLP is a
far more productive system than conventional raceway ponds for the treatment of highly
turbid waste effluents. This study demonstrates that integration of ITLP microalgae
cultivation using ADF has the potential to make digestate management yield net benefit in
food waste biorefinery settings.

6.2 Introduction
According to the Food and Agricultural Organization (FAO), one-third (about 1.3 billion tons)
of the edible parts of food produced for human consumption is wasted globally per year (FAO,
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2011). The carbon footprint of food waste including land use change contributes 3.6 gigatons
of CO2 yearly (FAO, 2017, 2011). This is approximately 8% of global CO2 emissions (Jain et al.,
2018). Food waste is typically disposed via landfilling or incineration, and in the United States
of America for example only about 4.1% of food waste is recycled, including composting (EPA,
2020). Incineration and landfilling can lead to the release of significant amounts of methane
gas and CO2 which has ramifications for global greenhouse gas emissions and also ground
water contamination which is a major environmental risk (Kaza et al., 2018; Chuka-ogwude
et al., 2020b).
Anaerobic digestion is a mature and widely applied technology used to treat food waste with
significantly reduced greenhouse gas emission. The benefits of anaerobic digestion in the
biorefinery paradigm include renewable energy generation in the form of bio-methane with
accompanying reduction in greenhouse gas emission (Sheets et al., 2015). Anerobic digestion
can also be coupled to other bioprocess, like lactic acid extraction in biorefinery models for
further product extraction and value proposition (Bühlmann et al., 2021). However, anaerobic
digestion is an incomplete process and produces an effluent (anaerobic digestate) high in
inorganic nitrogen in the form of NH4+-N ranging from ~700 – 5000 mg L-1 (Buhlmann et al.,
2019) and phosphate, and pose a hazard if disposed to the environment improperly. Digestate
can however, potentially be harnessed in a circular economy as a source of fertilizers (Ren et
al., 2020), bio-oil, syngas, biochar, ethanol, electricity, hydroponics, fibre for animal bedding
and feed stock for microalgae cultivation (Sheets et al., 2015).
Microalgae have been intensively studied as a sustainable source of various biobased
products, and they are especially attractive because of their efficiency in carbon sequestration
and fixation, and their much higher growth yields and productivities compared to terrestrial
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plants (Schädler et al., 2019). Microalgae biomass and metabolites have been studied and
applied as sources of both high and low value compounds including proteins, carbohydrates,
fatty acids, pigments such as carotenoids and Phycocyanin, and their applications spread
across the feeds and food, pharmaceuticals, and energy industries (Mobin et al., 2019).
However, microalgae cultivation can be uneconomical if expensive synthetic fertilizers as
nutrient sources are used and if appreciable biomass yields are not attained (Fornarelli et al.,
2017), and even unsustainable if natural resources needed for their cultivation such as water
are not properly sourced and managed e.g. using waste water instead of fresh water, and
water recycling practices (Farooq et al., 2015). In the last few years sustainably derived
nutrients from waste water as a nutrient source (e.g. anaerobic digestates) including food
waste digestate, have been proposed as a biorefinery model for microalgal cultivation,
integrating both wastewater / waste effluent treatment and carbon sequestration (Ayre et
al., 2017; Chuka-ogwude et al., 2020b). This is an important advancement in the treatment of
waste water, especially high strength waste effluents like anaerobic digestates, as regulations
around its disposal and end usage, such as land filling and direct application as fertilizers, are
becoming more stringent (Rehl and Müller, 2011; Torres-Franco et al., 2021).
Food waste derived digestate (hence forth termed Anaerobic digestate of food waste, ADF)
as nutrient source for the cultivation of microalgae has its challenges. The most prominent
being the very high concentration of nitrogen in the form of NH4+-N (up to 5000 mg L-1) toxic
to most microalgae species (Chuka-ogwude et al., 2020c), and very high turbidity (up to 14000
NTU) from colour and suspended particles. These characteristics significantly increase
photolimitation in microalgae cultures and consequently leading to very low productivities
(Raeisossadati et al., 2019; Wang et al., 2010). The easiest and most widely applied method
used to tackle the problem of toxicity due to high concentrations of NH4+-N in digestates
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effluents is dilution, but this method is largely uneconomical and unsustainable because of
the large amounts of water required for dilution (Cheng et al., 2015). In our previous studies
we have isolated, screened and identified microalgal species capable of growing in digestate
with very high concentrations of NH4+-N in an effort to minimize the economic and
environmental costs associated with dilution practices (Ayre et al., 2017; Chuka-ogwude et
al., 2020a). The microalgal species identified in these studies were able to proliferate in
digestate with NH4+-N concentrations ranging from 150 – 1500 mg L-1.
Light is the most limiting factor in the cultivation of microalgae species in both open and
closed cultivation systems, and the problem of photolimitation when digestate are used is
greatly magnified due to high turbidity levels (Marcilhac et al., 2014). Even with significant
dilution, digestate from piggery waste and food waste are still very turbid with severe light
attenuation (Chuka-ogwude et al., 2020c; Kumar et al., 2019) making cultivation using staple
systems like open ponds unattractive due to poor biomass yields. In our previous studies we
investigated the use of an inclined thin layer pond (ITLP) (Setlik et al., 1970) as an alternative
to open raceway ponds and closed photobioreactor systems for the cultivation of microalgae
in turbid piggery effluent digestate (Raeisossadati et al., 2019), and ADF (Chuka-ogwude et
al., 2021). This ITLP cultivation system offers a much shorter light path, reduced attenuation,
higher turbulence which results in better mixing and utilization of the flashing light effect due
to the inclination of the system (Chuka-ogwude et al., 2020b; Doucha and Livansky, 1995).
The configuration of the ITLP makes it uniquely suited for microalgae cultivation in turbid
medium like digestate. However, because of the large surface area to volume ratio of the ITLP,
application of the ITLP for microalgae cultivation using highly turbid digestates have
demonstrated suboptimal areal productivities in comparison to regular raceway ponds
(Raeisossadati et al., 2019). Our studies have shown that microalgae cultivation in turbid ADF
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using the ITLP, the light attenuation is reduced leading to increases in biomass yield and that
by optimizing the depth of the ITLP, areal productivities are further increased (Chuka-ogwude
et al., 2021).
So far there is limited data in literature on comparative studies between various systems of
cultivation for turbid medium like food waste digestate. The aim of this study is to compare
the performance of NH4+-N -tolerant Chlorella sp in a ITLP and in an open raceway pond
system, using turbid ADF as the growth medium / feedstock. The overarching objective of this
study is to determine if the ITLP is a more efficient system for the treatment of ADF and
simultaneous production of microalgae biomass. The biomass yields, productivities, nutrient
removal from ADF, as well as their photosynthesis and irradiance distribution were used for
comparison.

6.3 Materials and methods
6.3.1 Inoculum and culture media
This study was performed using Chlorella sp. MUR 268 previously described as robust, and
selected as suitable for good growth in Food waste digestate (Chuka-ogwude et al., 2020a).
Prior to use, the strain was maintained in ADF diluted to 300 mg L-1 NH4-N in a 5 L flask with
an operational volume of 2 litres, under 180 µmol photons m-2s-1 irradiance and 120 rpm
mixing speed, in a temperature and humidity-controlled culture room (210C temperature and
24% humidity). For outdoor cultivation, the culture was scaled up from the flask to a 20 L (0.1
m2) paddle wheel driven raceway pond and then to 200 L in a 1 m2 paddle wheel driven
raceway pond. The culture was further scaled up to a 400 L in a 2 m2 paddle wheel driven
raceway pond from which log phase cultures used to inoculate a 11 m2 ITLP and an 11 m2
open race way pond (ORWP) where the main experiments were performed. The ADF used in
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this study was obtained via the outlet from an operational food waste anaerobic digestion
plant (two stage mesophilic) with a design capacity of 50,000 tons per annum to produce
2MW of electricity (Buhlmann et al., 2019), 203 Acourt Rd, Jandakot Western Australia, 6164
(32.1042° S, 115.8982° E). The digestate was used largely untreated and added directly to the
cultivation systems until the desired concentration of NH4-N was attained. Large particles
such as seeds and fibres were removed by a 1.5 mm pore size sieve momentarily installed (10
mins) in both the ORWP and ITLP, after the raw ADF had been added to the ORWP and the
sump of the ITLP. The physiochemical properties of the ADF used are described in table 6-1.
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Table 6-1: Physiochemical properties of Anaerobic digestate of food waste (ADF) used in this study. (Mean ± SD, n = 6)

Parameter

Stock concentration

Working concentration (ITLP)

Working concentration (ORWP)

Ammonia (mg NH3-N L−1)

3800.0 ± 72.4

124.82 ± 12.8

14.68 ± 5.2

Nitrate (mg NO3-N L−1)

325 ± 9.2

10.77 ± 4.2

1.98 ± 0.2

950.24 ± 15.7

109.62 ± 9.2

Chemical Oxygen Demand (COD) 30,604.13 ± 144
(mg L-1)
Nitrite (mg NO2-N L−1)

<1

<1

<1

Phosphorous (mg PO4-P L−1)

167.1 ± 10.4

6.51 ± 1.6

1.06 ± 0.01

Turbidity (NTU)

14000 ± 25

441.16 ± 1.2

62.52 ± 3.1

pH

8.13 ± 0.27

7.0 ± 0.3

7.0 ± 0.3

233

6.3.2 Experimental setup and operational conditions
The outdoor experiments were performed in an 11 m2 paddle wheel driven raceway pond
ORWP and an 11 m2 inclined pond ITLP. The ORWP was made with reinforced plastic with an
inner coating of non-adhesive fibreglass. Mixing in the ORWP was performed by a four-blade
electric motor driven paddle wheel generating a flow rate of approximately 0.2 m s-2. The ITLP
design was based on the design of Doucha and Livansky, 1995, consisting of a metal frame
(chassis), an inclined frame, a cultivation surface made of transparent plastic, bordered by
clear Perspex, a sump / collection tank, and plastic drainage pipes. A detailed design of the
ITLP and the ORWP is described in Raeisossadati et al., (2019). Low-stress, open impeller,
semi-vortex centrifugal Davey® DC10A submersible pumps (Davey water products Pty Ltd,
VIC, Australia) with a max flow rate of 80 L min-1 were used to pump the culture from the
sump onto the inclined surface of the ITLP (Chuka-ogwude et al., 2021). The pH in both the
ORWP and the ITLP was regulated and maintained at 7.0 ± 0.3 by on-demand injection of pure
CO2 using a TPS miniCHEM® pH controller bundled with an automated USB data logger (TPS
Pty Ltd, Brendale QLD, Australia). Temperature of the cultures were monitored in-situ using
Hobo 64k Pendant® temperature loggers (Onset computer Corp, Massachusetts, USA).
Evaporation in the two cultivation systems were monitored daily and evaporation loss in the
culture was compensated for by semi-automated water replacement supplied by an installed
calibrated water tank regulated by a float valve attached to ORWP and the sump of the ITLP.
Culture in both the ORWP and ITLP were subjected to an acclimation period of 1 – 2 weeks
before commencement of the proper experiment and harvest cycles. The cultivation mode
used in this study was semi-continuous cultivation mode (Hsieh and Wu, 2009). Both
cultivation systems were grown to the maximum supported biomass concentrations (batch
mode for ORWP and fed batch with cell recycling for the ITLP), before transiting to semi234

continuous mode of cultivation. Semi-continuous cultivation mode was performed in both
systems by replacement of 30 – 40 % of harvested culture volume with fresh ADF and water
every 48 hours (dilution rate of 0.15 – 0.2 d -1), depending on yield and weather conditions.
The operating nutrient concentrations of the systems after the addition of ADF to water
through the course of the experiment are described in table 6-1. The ORWP was operated at
a depth of 0.2 m and an operational volume of 2200 L while the ITLP was operated at a inclined
surface depth of 0.011 m and an operational volume of 280 L with approximately 40 % of the
operational volume on the surface of the incline as previously described (Chuka-ogwude et
al., 2021). The experiments were performed during the months of November 2020 to March
2021 in outdoor summer conditions of Murdoch suburb, Perth, Western Australia (32°04′16″
S, 115°49′30″ E).

6.3.3 Growth rates, productivities, nutrient removal, and water loss
Concentration of the microalgae species used in this study was evaluated as both cell count
and cell dry weight. Cell count was determined using a Neubauer hemocytometer. Cell dry
weight was determined as ash free dry weight as described by Moheimani et al., (2013). Ash
free dry weight was determined by filtering the culture through pre-weighed and precombusted GF/C glass microfibre Whatman filter papers (2.5 cm diameter). The filter paper
was then dried at 90oC in a hot air oven overnight, and then ashed at 450oC in a furnace for 5
hours. Ash free dry weight was determined to be the weight of the biomass after oven drying
minus the weight of the biomass after ashing in the furnace. Specific growth rate (µ) was
calculated as the change in the natural logarithm of the microalgae cell numbers per time,
and productivities were calculated as the change in microalgal biomass concentration per
time as described by Moheimani et al., (2013). Nitrogen (NH4-N and NO3-N), phosphates and
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chemical oxygen demand (COD) concentrations in the cultures were determined using a
Hanna HI83099 COD and Multiparameter Laboratory—Photometer (Hanna Instruments,
Romania) using its proprietary reagents based on standard methods. Mass balance of
nitrogen and phosphorus in the systems was estimated by balancing the concentration of
these nutrients in the influent medium (at the start of a harvest cycle) against concentration
of nutrient in the outlet medium (at end of harvest cycle). Nitrogen and phosphorous
assimilated by the microalgae biomass were determined by analysis of digests of dry
microalgae biomass via Flow injection analysis of ammonia for Nitrogen, and orthophosphate
using an automated flow injection analyser (Lachat Instruments, 6645 West Mill Road,
Milwaukee, WI 53218, USA). Water loss water / evaporation was determined by measuring
the amount of water dispensed into the ORWP and the sump of the ITLP from the water tank
attached to them. Data for ambient temperature and rainfall were obtained from the
Murdoch University weather station.

6.3.4 Light distribution in the cultivation systems
Incident Irradiance spectra were measured using a StellaNet CXR-SR-50 spectrometer
(StellaNet Inc, Tampa, Florida, USA) in the Photosynthetically active radiation (PAR) range
before and after each harvest of the cultivation system. The wavelength specific absorbance
𝐼𝐼

of the cultures (Absculture(λ) was measured as 𝑙𝑙𝑙𝑙𝑙𝑙 (𝐼𝐼0 ) at each wavelength, where I0 = incident
𝐿𝐿

irradiance on the surface of the cultivations systems (ORWP and ITLP), IL = irradiance at
distance, L, inside the culture. Mean irradiance in the microalgae cultures were estimated
using modifications of models described by Holland and Dragavon, (2014) as depicted in
equations 1 and 2 (detailed descriptions can also be found in Chuka-ogwude et al., (2021b)).
𝐼𝐼𝐿𝐿 = 𝐼𝐼0 . 𝑒𝑒 −𝐿𝐿𝐿𝐿

(1)
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𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝐼𝐼𝐿𝐿

1 𝑑𝑑
= � 𝐼𝐼𝐿𝐿 𝑑𝑑𝑑𝑑
𝑑𝑑 0

(2)

= emergent irradiance at the end of the light path L, (µmol photons m-2s-1)

𝐼𝐼0

= incident irradiance, (µmol photons m-2s-1)

𝐿𝐿

= light path (meters, m)

d

= culture depth

𝜎𝜎

= absorption cross section of culture

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = mean irradiance inside the culture available to algae (µmol photons m-2s-1)

6.3.5 Maximum quantum yields, electron transfer rates, and Photosynthesis –
irradiance curves
Photosynthesis of the microalgae cells in the culture were investigated using a pulse
amplitude fluorometer (Water-Pam (cuvette version) fluorometer, Heinz Walz GmbH,
Effeltrich, Germany) consisting of a PAM-CONTROL unit and a WATER-ED (emmiter/detector)
unit, featuring 3 Measuring Light LEDs (peak 650 nm), 12 Actinic LEDs (peak 660 nm) and 3
Far-Red LEDs (peak 740 nm). Maximum quantum yield in actinic light was calculated as
Fv’/Fm′ =

𝐹𝐹𝑚𝑚′ −𝐹𝐹𝑜𝑜 ′

as NPQ =

period.

𝐹𝐹𝑚𝑚′

(Genty et al., 1989). Non photosynthetic quenching (NPQ) was determined

𝐹𝐹𝐹𝐹−𝐹𝐹𝑚𝑚′
𝐹𝐹𝑚𝑚′

(Cosgrove and Borowitzka, 2010), after a 30 minute dark adaptation

Rapid light curves (RLCs) were generated with 10 sec exposure duration at each sequence of
increasing actinic irradiance in 12 pre-set increments ranging from 17 µmol m-2s-1 to 1464
µmol photons m-2s-1 and plots of relative electron transport rates (rETR) against PAR were
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made as Photosynthesis – Irradiance (P-I) curves. The rETR was calculated as φPSII (quantum
yield of PSII) x PAR x 0.5 x 0.84, 0.5 assuming equal absorption by PSI and PSII and 0.84 as
efficiency of PAR absorption by microalgae pigments. The P-I curves were characterised by
fitting the ‘two-parameters’ model of Ritchie, 2008. Functional rETR (FrETR) and functional
rETR-ratio of the system were determined as detailed in Chuka-ogwude et al., (2021b) and
listed in equations 3 and 4, and used to quantify the average maximum rETR that the culture
in the system (in-situ) functions at, and the proportion of the maximum rETR the system is
functioning at respectively.
𝑛𝑛

1
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = �(𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝑘𝑘𝑤𝑤 ∗ 𝐼𝐼𝑖𝑖 ∗ 𝑒𝑒 1−𝑘𝑘𝑤𝑤 𝐼𝐼𝑖𝑖 )
𝑛𝑛
𝑖𝑖 = 0

(3)

where,
𝐼𝐼𝑖𝑖

= point irradiance along the trajectory of light as it passes through the culture medium,
defined by 𝐼𝐼𝐿𝐿 in equation 2.

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑘𝑘𝑤𝑤 are maximum photosynthesis and a scaling constant for the X-axis respectively
obtained from fitting rapid light curves.

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚

(4)

6.3.6 Statistical analysis

A minimum of five (5) replicates (harvests) were used in this study (n = 5) and the results were
expressed as mean ± standard error. Two-tailed independent t-tests were used to evaluate
significant differences between the ORWP and the ITLP, and significance was based on p <
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0.05. All statistical analysis were performed using IBM SPSS Statistics (version 26) for
windows. Curve fittings and modellings were done in python 3.5.

6.4 Results
6.4.1 Culture conditions of the systems
The cultures in both systems remained unialgal (Chlorella sp, MUR 268) throughout the
experimentation period. Irradiance through the period of cultivation averaged at 1379.72 ±
49.61 µmol photons m-2s-1, with minimal rainfall. The culture in the ITLP, during the
acclimation phase (grey portion of the graphs on figure 6-1), was successfully built up to high
densities of up to 7 g L-1 employing fed-batch with cell recycling before transitioning to semicontinuous mode. On the other hand, all attempts to apply the same method of increasing
cell densities in the ORWP led to the culture crashing at cell densities around 0.5 g L-1. Culture
temperatures through the period of cultivation was significantly different (p < 0.05), with the
temperature of the ITLP culture being significantly higher at 25.66 ± 0.13 in comparison with
22.44 ± 0.13 in the ORWP. Maximum temperature was 40.149 in the ITLP, and 32.583 in the
ORWP. Also, minimum temperatures were 13.823 and 10.906 at early hours of the day in the
ITLP and ORWP respectively. Evaporation loss of water in the ITLP was significantly higher (p
< 0.05) than observed in the ORWP (Table 6-2).

239

Figure 6-1: Time series of weather and culture conditions of the cultivation systems through the
period of cultivation. (a) Solar irradiation averaged over 10-minute intervals, (b) Rainfall averaged
over 10-minute intervals (c)pH averaged over 10-minute intervals, (e) Biomass density of the
Inclined thin later pond (ITLP), (f) Biomass yield (ash free dry weight) of the open raceway pond
(ORWP)

240

Table 6-2: Growth and state of the cultivation systems. Data is reported ± standard error of means. Underlined and emboldened data values
represent “significantly higher”, regular text fonts represent “no significant difference”.

Culture system

Average Biomass yield

Average Temp (oC)

Evaporation loss (Lh20

Volume (L)

Cell count x 108 mL-1

ITLP

280.00

3.722 ± 0.10

6.807 ± 0.15

25.666 ± 0.13

19.662 ± 1.24

ORWP

2200.00

0.209 ± 0.01

0.404 ± 0.01

21.246 ± 0.52

16.515 ± 1.06

(gAFDW L-1)

m-2 d-1)
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6.4.2 Cell growth and productivities
Average biomass yield and cell density maintained through the cultivation period were both
significantly higher in the ITLP than in the ORWP (p < 0.001). Volumetric productivities were
significantly higher in the ITLP than in the ORWP (p < 0.001), with volumetric productivities of
0.563 ± 0.1 and 0.031 ± 0.01 g L-1 d-1 in the ITLP and the ORWP respectively. Also, areal
productivity was significantly higher in the ITLP (p > 0.001), having an areal productivity of
31.916 ± 1.11 g m-2 d-2 in comparison with the ORWP having an areal productivity of 11.46 ±
0.79 g m-2 d-2. However, the results show that there was no significant difference in the
maximum growth rates, µmax, of the microalgae in the ITLP and the ORWP (t (10) = 15.02, p =
0.452), with growth rates of 0.093 ± 0.02 and 0.073 ± 0.02 d-1 in the ITLP and the ORWP
respectively. Figure 6-2 summarizes the growth rates and productivities of the culture
systems.

242

Figure 6-2: Average productivities and rates charts for the cultivation systems. (a) areal productivities, (b) volumetric productivities, (c)
maximum growth rates. Error bars represent standard error of means. Significant differences are described by the letters at the top of the
bars: a is significantly > b. Bars with the same letters are not significantly different.
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6.4.3 Nutrient removal, utilization, and mass balance
The results show that the ITLP was significantly more effective than the ORWP (p < 0.001)
regarding the rate of removal of NH4-N, phosphorous, and nitrate, and depleting the levels of
COD in the ADF. Regarding percentage efficiency of the nutrient’s removal from the influent
ADF, percentage removal was significantly higher (p < 0.001) in the ITLP for ammonia nitrogen
and phosphorous at 96.5 % and 93.6 % respectively, in comparison with 46.6 % and 67.9 % in
the ORWP. Also, percentage efficiency for removal / depletion of nitrate nitrogen, and COD
were also higher in the ITLP than in the ORWP (p < 0.05) (table 6-3). Mass balance analysis
show that over 80 % of the total N removed from the influent ADF was utilized by the algal
biomass for growth and the rest lost by volatilization, in both the ITLP and the ORWP (table
6-4). There was no significant difference in the proportion of the removed ADF nitrogen and
phosphorous utilized by the microalgae biomass in both culture systems (p > 0.05).
Phosphorous not detected at harvest, and not utilized by biomass, could be considered as
being precipitated as phosphates. Total nitrogen and phosphorous removed (assimilated) by
the biomass were significantly higher in the ITLP than in the ORWP both on a volumetric and
areal basis (p < 0.001), with areal removal rates, up to 2359.759 mg m-2 d-1 and 260.815 mg
m-2 d-1 for nitrogen and phosphorous respectively in the ITLP (table 6-4). Overall treatment
capacity in terms of litres of ADF per unit area per day for the systems, determined via dilution
rates, was not significantly different at 0.148 ± 0.05 LADF m-2 d-1 for the ITLP and 0.135 ± 0.08
LADF m-2 d-1 for the ORWP. Both culture systems were started with initial ADF-Nitrogen
concentrations seen to be most suited to them, especially because of turbidity, as discussed
in section 6.3.2. At the point of harvest, the effluent ammonia nitrogen was below 5 mg L-1 in
the ITLP and below 7 mg L-1 in the ORWP. Phosphate concentration was below 2 mg L-1 in
both systems.
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Table 6-3: Total nutrient removal rates and efficiencies. Data is reported ± standard error of means. Underlined and emboldened data
values represent “significantly higher”, regular text fonts represent “no significant difference”.

Culture
system

Total NH3-N

Total P-

Total NO3-N

Total COD

Removal (mg L-1 Removal (mg

Removal (mg L- Removal (mg

d-1)

1

L-1 d-1)

d-1)

L-1 d-1)

ITLP

53.188 ± 0.0

3.183 ± 0.02

6.7 ± 0.04

ORWP

1.286 ± 0.12

0.21 ± 0.09

0.167 ± 0.11 22.092 ± 0.12

Percentage
NH3-N
Removal (%)

271.857 ± 0.02 96.5 ± 0.01

46.6 ± 12.10

Percentage

Percentage

NO3-N

COD Removal

Removal (%)

(%)

93.6 ± 0.02

79.3 ± 4.04

67.5 ± 2.02

67.9 ± 13.01

52.4 ± 11.03

47.1 ± 12.01

Percentage PRemoval (%)
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Table 6-4: Percentage nutrient absorption and removal rates by biomass. Data is reported ± standard error of means. Underlined and
emboldened data values represent “significantly higher”, regular text fonts represent “no significant difference”.

Percentage of

Percentage of

Total N

Total P Absorbed by

Total N

Total P Absorbed by

Culture

removed N Absorbed

removed P Absorbed

Absorbed by

biomass (mg L-1 d-1)

Absorbed by

biomass (mg m-2 d-1)

system

in biomass (%)

in biomass (%)

biomass (mg L-1

biomass (mg m-2

d-1)

d-1)

ITLP

81.549 ± 3.89

85.675 ± 5.41

50.16 ± 2.57

5.544 ± 0.28

ORWP

80.361 ± 5.01

83.635 ± 6.86

2.432 ± 0.48

0.269 ± 0.05

2359.759 ±
64.75
843.6 ± 65.19

260.815 ± 7.16

93.24 ± 7.21

246

6.4.4 Light distribution in the culture systems, and photosynthesis
Mean irradiance in the culture systems, as estimated by equations 2 and 3, was seen to be
significantly higher (45%) in the ITLP than in the ORWP (p = 0.01). However, there was no
significant difference in the optimal irradiance, Ioptimum, for the cells in both systems (p > 0.05).
Regarding the photosynthetic responses of the cells in the culture systems, there was no
significant difference between the ITLP and the ORWP for both maximum light utilization
coefficient (α), and maximum quantum yield in actinic light (Fv’/Fm’) (p > 0.05). Maximum
relative electron transfer rate, rETRmax, was slightly higher in the ORWP than in the ITLP (p =
0.046). NPQmax of the cells in both systems were not significantly different. However,
functional rETR (FrETR) and functional rETR-ratio (FrETR-ratio) were both significantly higher
in the ITLP in comparison to the ORWP (p < 0.05). Table 6-5 details the distribution of
irradiance inside the microalgae cultures in both systems, and the associated photosynthetic
responses.
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Table 6-5: Irradiance distribution, and Photosynthetic parameters of the culture systems. Data is reported ± standard error of means.
Underlined and emboldened data values represent “significantly higher”, regular text fonts represent “no significant difference”.

Culture

I0(µmol

system

photons m-2

Ioptimum(µmol

ORWP

1379.716 ±
49.81
1250.364 ±
132.3

α

rETRmax

NPQmax

Fv’/Fm’

FrETR

photons m-2 s-1) photons m-2

s-1)
ITLP

Imean (µmol

FrETRratio

s-1)
614.576 ± 83.85

718.59 ± 72.69

261.491 ±

0.176 ±

14.41

0.01

180.545 ±

0.183 ±

21.39

0.02

37.825 ± 2.74

46.313 ± 5.14

0.539 ±

0.647 ±

17.91 ±

0.474 ±

0.02

0.01

1.22

0.03

0.529 ±

0.627 ±

14.599 ±

0.328 ±

0.06

0.03

0.8

0.03
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6.5 Discussions
6.5.1 Culture conditions of the systems
The first obvious difference between the ITLP and the ORWP was the ORWP’s inability to
support microalgae biomass above 0.5 g L-1. This was due to severe photolimitation in the
ORWP due to the turbidity of the ADF, as the concentration of nutrients in the ORWP was way
below the tolerance threshold of the Chlorella species used in this study. Many studies have
demonstrated the negative effect of various digestates via photolimitation due to suspended
particles and colour (Marcilhac et al., 2014; Wang et al., 2010). With food digestate used in
this study, the turbidity was very high (Table 6-1) even after significant dilution, leading to low
mean irradiance in culture. As shown in our previous study (Chuka-ogwude et al., 2020c),
mean irradiance inside cultures using ADF as feedstock can be very low even at relatively short
light paths, and this is further amplified by the higher depth in raceway ponds. The
temperature ranges observed in the cultivations systems in this study are within the range for
growth of Chlorella species, as the Midian to upper limits are from 25 – 42 oC (Kessler, 1985),
and lower limits of 10 – 15 oC (Cho et al., 2007). A consequence of the higher temperature in
the ITLP was higher evaporation rate. However, while evaporation constitutes a significant
portion of operational cost in open cultivation systems (Rogers et al., 2014), the working
volume of the ITLP is significantly lower (7.8 times) than the ORWP, indicating a significant
advantage of the ITLP for less water demand in cultivation and downstream processing
operations.

6.5.2 Cell growth and productivities
Since both the ITLP and the ORWP were operated at the same conditions of pH, incident
irradiance, and CO2 supply, the comparison of these systems is mainly confined around their
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abilities to sustain a culture of high density. The results of the maximum growth rates, µmax,
of the systems in this study are similar to what was reported in our previous study especially
when considering the mean irradiance in the ITLP and ORWP, we demonstrated a linear
relationship between growth rate and mean irradiance (Chuka-ogwude et al., 2021). Although
µmax, was not statistically different in both systems, the ITLP has a slight edge over the ORWP
in terms of growth rates. This is because of higher mean irradiance in the ITLP (discussed in
the following sections). The superiority of the ITLP is clearly displayed in the results of both
volumetric and areal productivities. Clearly, the ITLP was able to sustain and support growth
of high cell density culture of almost 0.4 billion cells mL-1 (Table 6-2) due to its ability to supply
more photons, and higher mixing and turbulence. This contrasts with the ORWP which could
not support a high cell density culture. The much lower productivities of the ORWP displayed
here highlights its disadvantage especially in utilizing and treating highly turbid substrates like
ADF. Higher productivities of 19.24 – 24 g m-2 d-1 under outdoor conditions in various sized
ORWPs using abattoir effluent digestate and urban wastewater effluent with the addition of
CO2 have been reported while optimizing for CO2 addition, and depth (Jebali et al., 2018;
Morales-Amaral et al., 2015; Shayesteh et al., 2021). Notably, the afore-mentioned examples
were done in digestates significantly less turbid that the ADF used in this study. However,
productivities obtained for the ORWP in this study are significantly higher than reported for
anaerobic digestate of piggery waste effluent of similar turbidity with productivities of 6.2 g
m-2 d-1 and 0.024 g L-1 d-1 (Nwoba et al., 2016; Raeisossadati et al., 2019), and similar to that
reported by Serejo et al., (2015) at 11.8 g m-2 d-1 using diluted vinasse digestate of lower
turbidity. The productivities reported for the ITLP in this study are significantly higher than
reported for a lot of the works done on ITLPs in clear synthetic media ranging from 9 – 23 g
m-2 d-1 (Doucha et al., 2005; Grivalský et al., 2019; Schadler et al., 2020). Also, productivities
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of the ITLP here are significantly higher than we reported in our first trial of this system on
high turbidity anaerobic digestate of piggery effluent, and our depth optimization work using
ADF ranging from 2 – 21 g m-2 d-1 (Chuka-ogwude et al., 2021; Raeisossadati et al., 2019).
Improvements in the ITLP productivities were achieved by employing fed-batch cultivation of
the culture until a high biomass yield was achieved, which the system was able to support,
before translating into semi-continuous culture mode.

6.5.3 Nutrient removal, utilization, and mass balance
The result regarding nutrient removal suggests that the defining factor for performance was
biomass yield, and the ability of the ITLP to support a much denser culture makes it a far more
superior system for treatment and valorisation of ADF. The volumetric and areal nitrogen
removal capacity, via biomass, of 50.16 mg L-1 d-1 and 2359.759 mg m-2 d-1 respectively,
reported for the ITLP in this study are among the highest values reported in literature in
relation to any wastewater treatment. This is significantly higher than reported in our first
trial using ITLP for anaerobic digestate of piggery effluent yielding a total (via biomass and
volatilization combined) areal removal of nitrogen of 19 mg L-1 d-1 (Raeisossadati et al., 2019).
Phosphate, nitrate, and COD removal are also consequently much higher in this study than in
our previous one. The range for nitrogen removal rates reported in literature for outdoor high
strength wastewater treatment systems, sub-optimal to optimal conditions, are between 0.5
– 22.7 mg L-1 d-1 (Marcilhac et al., 2014; Sevrin-Reyssac, 1998; Shayesteh et al., 2021). Some
of the highest removal rates reported are from Morales-Amaral et al., (2015) with 38 mg L-1
d-1 and 3.9 mg L-1 d-1 for nitrogen and phosphorous respectively. Removal rates for the ITLP
reported in this study are similar. Clearly, the ITLP is the superior system in terms of nutrient
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removal and ADF treatment, and corroborates Morales-Amaral et al., (2015) that biomass
concentration is the defining factor required for nutrient removal.
However, volatilization of NH4-N is a significant problem in the use of high strength
wastewaters like ADF. Up to 20 % of the NH4-N removed in both systems was a result of
volatilization, even with pH regulation to keep ammonia nitrogen in NH4+ form. This is a
relatively good as percentage volatilization can be as high as 60% in uncontrolled systems
(Shayesteh et al., 2021). At the pH regulation implemented in this study, ammonia
volatilization loss matches that reported by Shayesteh et al., (2021). The percentage
volatilization in the ITLP and the ORWP were not different because volatilization is largely
dependent on surface area amongst other factors (Montes et al., 2009), and both systems
here were operated with the same surface area. Even at very tightly regulated pH control,
volatilization can still be up to 14% (Shayesteh et al., 2021). Higher density cultures and pH
regulation are ways to limit this as seen here. Also, potential improvements could be realized
if a feeding regime is implemented to match microalgal growth rate with nutrient supply, ondemand, using methods such as a combination of exponential feeding and continuous
cultivation methods.

6.5.4 Light distribution in the culture systems, and photosynthesis
Mean irradiance in microalgae culture systems is a very important factor to consider in
cultivation and design of efficient systems. Also, there is a strong correlation between growth
rates and mean irradiance in culture (Chuka-ogwude et al., 2021) as it more accurately
describes the availability of light to the cells through the depth of the culture column. The
higher mean irradiance in the ITLP in comparison to the ORWP, is reflected in the slightly
higher growth rates, µmax, in the ITLP, though this difference in µmax was not significant.
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However, the difference in mean irradiance did not elicit a matching difference in growth
rates is not surprising since other parameters relating to the light profile like the optimum
irradiance for the cells (Ioptimum) in both systems were the same, indicating that the light
profiles in the ITLP and the ORWP were quite similar. This is also further corroborated by the
photosynthetic parameters of both culture systems such as rETRmax, α, NPQmax, and Fv’/Fm’.
These photosynthetic parameters were not different between the ITLP and the ORWP. These
parameters as shown in Table 6-5 indicate that the cells in both culture systems were not
stressed or photo inhibited as indicated by the low NPQmax values, and this is a significant
observation especially for the ITLP with a depth of 0.011m. The high-density culture in the
ITLP mitigated against any significant photoinhibition that would otherwise have occurred,
considering the high incident irradiance as is the case for lower depth culture in ILTPs (Chukaogwude et al., 2021). Given the similarities in the parameters mentioned above, the reason
the reason the ITLP was able to sustain a culture of 17 times higher biomass yield in
comparison to the ORWP is that light was more efficiently distributed across the depth of the
ITLP than in the ORWP. This can be seen in the values of the FrETR which describes the actual
functional max rETR of the culture, averaging out the spatial rETRmax across the depth of the
culture on the ITLP, and the FrETR-ratio which is an indirect quantification of how much of
the culture is in optimal irradiance and hence optimal rETRmax (Chuka-ogwude et al., 2021).
Ioptimum and around rETRmax. The values for FrETR indicate that the actual functional electron
flux through PSII across the depth of both systems is significantly higher in the ITLP than in
the ORWP. It has been established that when grown outdoors microalgae culture of relatively
average densities are challenged by supra-optimal irradiance and that approximately 90% of
the incident photons could be absorbed in the first 0.01 m of the culture column leaving only
a small region of the culture in optimal irradiation conditions (Beardall and Raven, 2012). Here
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the FrETR-ratio values indicate that the portion of the culture functioning in the region of
optimal irradiance and rETR is higher in the ITLP than in the ORWP (47% against 33%
respectively).

6.5.5 Significance of the study
The above give credence to the ITLPs advantage over the ORWP. Previous studies comparing
ITLPs to open raceway ponds for the cultivation of microalgae, Scenedesmus sp., in centrate
have reported preliminary technoeconomic analysis showing that biomass production cost
using the ITLP could be up to 39 % less in comparison to open raceway ponds, and 50 % less
in comparison with tubular photobioreactors (Morales-Amaral et al., 2015). This is only on
the microalgae biomass production side of the food waste biorefinery. Cost analysis of
digestate treatment and utilization have shown that using digestate as a fertilizer for crops is
less than 10% the cost of digestate management as a waste product, and if the digestate is to
be transported over significant distances, including gate fees charged by waste management
companies, digestate management becomes a substantial net cost, and at best case
scenarios, as a crop fertilizer, it is neither a net cost or benefit (Cannon, 2021). Considering
the above, if food waste digestate is used for the cultivation of microalgae which has a
significantly higher growth rate than traditional crops, integrating microalgae cultivation into
food waste digestate management could potentially yield net benefit in food waste
biorefinery settings. However, a detailed technoeconomic analysis and a life cycle analysis,
especially considering biomass productivity and water savings associated with the ITLP is
required to ascertain this.
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6.6 Conclusions
In this study we have compared an ORWP and an ITLP for the treatment and valorisation of
food waste digestate. Utilization of irradiance in the ITLP was 43% more efficient. Biomass
yield in the ITLP was 17 times higher. Volumetric and areal productivities were 17 and 3 times
higher in the ITLP, nutrient removal capacity was 2.8 times higher in the ITLP. Our results
clearly demonstrated that the ITLP is a more efficient system ORWPs for biomass production
with ADF. This means that for the same treatment plant, there would be need for third of
cultivation area. Massive portion of cost of algal production is the Capex required for building
ponds. This would result in significant cost saving in treating anaerobic digestate using algae
in dry temperate regions like Western Australia. In general, we believe that use inclined open
ponds for microalgal cultivation for treating ADF can make digestate management yield net
benefit not only in food waste biorefinery but also for other similar digestates such as piggery,
abattoir, and dairy.
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CHAPTER 7
7.1. General conclusions
Though anaerobic digestion is a more environmentally friendly technology for the treatment
of food waste, deriving bioenergy in the process, it produces a high strength waste product
in the form of digestate that is difficult to treat and dispose. While there has been significant
success in the treatment of some lesser strength digestate effluents like anaerobic digestate
from the abattoir wastewater and municipal waste water digestate effluents, such level of
success has not been achieved in the treatment of more turbid digestates like food waste
digestate. Treatment and valorization of this food waste digestate effluent is possible by its
application as feedstock for the cultivation of microalgae, combining its valorization and
treatment with carbon sequestration. However, the use of digestate as a nutrient source for
the cultivation of microalgae has its challenges because of its high turbidity and toxic
ammonia nitrogen concentrations. Viable ways to mitigate these challenges include the
selection of microalgal strains able to tolerate the toxic ammonia nitrogen concentrations of
food waste digestate, and smart pond/pond designs such as the inclined thin layer pond to
maximize light utilization and photosynthetic efficiencies of the microalgae grown in food
waste digestate.
In chapter 2, bioprospecting, screening, acclimation, and selection of tolerant microalgae
species capable of growth and proliferation in high ammonia nitrogen concertation as found
in food waste digestate was carried out leading the selection of three species of microalgae
concentration namely Scenedesmus quadricauda, MUR 268, Chlorella sp, Mur 269, and
Oocystis sp, MUR 273, able to grow in 600 mg L-1 ammonia nitrogen. Of these three Chlorella
sp, Mur 269 was chosen as most suitable and used in further studies. In chapter 3, a study
designed to gain insight to the mechanisms of tolerance deployed by the most tolerant of the
261

three species, especially in relation to its response to light profiles imposed by turbidity in
hopes to apply the species to outdoor cultivation in food waste digestate. The study showed
that though photosynthesis of the microalgae species via photosystem II was reduced by 16%
in food waste digestate in comparison to clear synthetic medium, biomass productivity was
47% higher. Mechanisms for tolerance deployed by the species under high ammonia
concentration in food waste digestate includes adjustment of the photosynthetic unit to
maximize absorption of light and compensation mechanisms for reductions in photosystem II
activity including switching to mixotrophic growth mode.
In chapter 4, a depth optimization study of the inclined thin layer pond, identified as
potentially the most suited system of cultivation for the growth of microalgae in food waste
digestate, was performed using Chlorella sp, Mur 269 as the microalgae of choice. The study
showed that the optimum depth should be chosen at the point where the trade-off between
higher growth rates, (and consequently biomass yield, g L-1), and harvested volume
(represented in areal productivity) is not disadvantageous. The optimum operational depth
for the cultivation of the chosen species of microalgae using food waste digestate was 0.011
m. An average biomass density of 4.319 ± 0.18 g L-1 and areal productivity of 21.134 ± 1.83 g
m-2 d, at an operational volume of 140 L was achieved at the optimal conditions, an
improvement of 9.5 times in productivity over previous attempts at using the inclined thin
layer pond for the cultivation of microalgae using turbid digestates. The study clearly
demonstrated that with proper light distribution management through depth optimization
high microalgae biomass densities, and biomass productivities can be achieved in microalgae
cultivation using food waste digestate.
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In chapter 5, the use of food waste digestate as a source of nitrogen and phosphorous for the
cultivation of high value, and highly sensitive species of microalgae like Dunaliella salina was
explored. Focussing on the replacement of nitrogen and phosphorous in synthetic medium
with ammonia nitrogen form food waste digestate. The study showed that the replacement
of nitrogen source, using food waste digestate in synthetic medium, the growth and
productivity of Dunaliella salina was not inhibited by ammonia nitrogen found in the food
waste digestate. However, carotenogensis of Dunaliella salina was slightly inhibited by a
combined effect of high irradiance and hypersaline conditions but biomass productivity
remained the same in comparison with standard synthetic medium. This demonstrated that
food waste digestate can be successfully used as a source of nitrogen for the cultivation of
even highly ammonia nitrogen sensitive species like Dunaliella salina.
In chapter 6, the claims of the superiority of the inclined thin layer pond for the cultivation of
turbid high strength effluents like food waste digestate were verified in a comparative study
between the depth optimized inclined thin layer pond and an open raceway pond in outdoor
conditions. Comparison was based on the biomass productivity, ability for waste treatment
via nutrient removal, and distribution of irradiance in the systems. Biomass density in the
inclined thin layer pond was 17 times higher than in the open raceway pond. Volumetric and
areal productivities were also 17 and 3 times higher in the inclined thin layer pond than in the
open raceway pond. Areal nutrient removal by the culture microalgae biomass were 2359.759
± 64.75 mg m-2 d-1 and 260.815 ± 7.16 mg m-2 d-1 for nitrogen and phosphorous respectively
in the inclined thin layer pond, 2.8 times higher than observed in the open raceway pond for
both nutrients. The results clearly demonstrated that the inclined thin layer pond is a more
efficient systems than the widely used open raceway ponds for biomass productivity using
ADF as a nutrient source, and for ADF waste treatment.
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The above studies have demonstrated that ammonia nitrogen tolerant species of microalgae
are properly suited for the cultivation in food waste anaerobic digestates, and that the
inclined thin layer pond is an efficient system for cultivation of these species of microalgae in
this digestate. Further, these studies have shown that biomass productivity as well as nutrient
removal capacity can be significantly improved by depth optimization of the inclined thin layer
pond.

7.2. Future directions
Further studies in the following areas are required:
1. further investigation into the mode of adaptation to high ammonia nitrogen
concentrations employed by tolerant species using molecular tools is recommended,
as this could allow for the emergence of species capable of even higher tolerance to
ammonia nitrogen through molecular transformations and genetic modifications.
2. Long term / year-long cultivation of selected microalgal species under outdoor
conditions in food waste digestate to further assess the reliability of the cultivation
processs, and assess culture management practices especially in winter conditions
with increased rainfall.
3. A detailed techno-economic and life cycle analysis needs to be performed for the
inclined thin layer pond, especially in comparison to the time-tested open raceway
pond systems, to access the economic viability and environmental impact of using the
inclined thin layer pond for the treatment and valorization of food waste digestate.
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