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Abstract
Diversion of food waste from landfill through anaerobic digestion is a sustainable form of energy production (biogas) and the 
waste effluent (digestate) can be utilised as nutrient supply for microalgae cultivation. 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 and 31.916 g m −2 day −1 respec-
tively. Areal nutrient removal via microalgae biomass were 2359.759 ± 64.75 and 260.815 ± 7.16 mg m −2 day −1 for nitrogen 
and phosphorous respectively in the ITLP, which are 2.8 times higher than obtained in the ORWP. The ITLP’s superiority stems 
from its ability to support a much higher average biomass yield of 6.807 g L −1, which was 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. 
This demonstrates that integration of ITLP microalgae cultivation using digestate has the potential to make digestate manage-
ment yield net benefit in food waste biorefinery settings.
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Introduction

According to the Food and Agricultural Organization (FAO), 
one-third (about 1.3 billion tonnes) of the edible parts of 
food produced for human consumption is wasted globally 

per year (FAO 2011). The carbon footprint of food waste 
including land use change contributes 3.6 gigatonnes of 
 CO2 yearly (FAO 2011, 2017). 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 signifi-
cant amounts of methane gas and  CO2 which has ramifica-
tions 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 tech-
nology used to treat food waste with significantly reduced 
greenhouse gas emission. The benefits of anaerobic diges-
tion in the biorefinery paradigm include renewable energy 
generation in the form of bio-methane with accompany-
ing reduction in greenhouse gas emission (Sheets et al. 
2015). Anerobic digestion can also be coupled to other 
bioprocesses, like lactic acid extraction in biorefinery 
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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 g  L−1 (Buhlmann et al. 2019) 
and phosphate, and pose a hazard if disposed to the envi-
ronment 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, electric-
ity, 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 sequestra-
tion and fixation, and their much higher growth yields and 
productivities compared to terrestrial plants (Schädler et al. 
2019). Microalgal 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, pharmaceu-
ticals and energy industries (Mobin et al. 2019). However, 
microalgae cultivation can be uneconomical if expen-
sive synthetic fertilizers are used as nutrient sources and 
if appreciable biomass yields are not attained (Fornarelli 
et al. 2017). Microalgae cultivation can even be unsustain-
able 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 prac-
tices (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 cultiva-
tion, integrating both wastewater / waste effluent treatment 
and carbon sequestration (Ayre et al. 2017; Chuka-ogwude 
et al. 2020b). This is an important advance 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 fer-
tilizers, are becoming more stringent (Rehl and Müller 2011; 
Torres-Franco et al. 2021).

Food waste derived digestate (henceforth termed Anaer-
obic 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 14,000 NTU) from colour and 
suspended particles. These characteristics significantly 
increase photolimitation in microalgae cultures and con-
sequently leading to very low productivities (Wang et al. 
2010; Raeisossadati et al. 2019). The easiest and most 
widely applied method used to tackle the problem of 

toxicity due to high concentrations of  NH4
+-N in diges-

tates effluents is dilution, but this method is largely uneco-
nomical 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 
microalgae species capable of growing in digestate with 
very high concentrations of  NH4

+-N in an effort to mini-
mize the economic and environmental costs associated 
with dilution practices (Ayre et al. 2017; Chuka-ogwude 
et al. 2020a). The microalgae 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 sys-
tems, and the problem of photolimitation when digestates 
are used is greatly increased due to high turbidity levels 
(Marcilhac et al. 2014). Even with significant dilution, diges-
tate from piggery waste and food waste are still very turbid 
with severe light attenuation (Kumar et al. 2019; Chuka-
ogwude et al. 2020c) making cultivation using common 
culture systems like open raceway 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 poten-
tial utilization of the flashing light effect, due to the inclina-
tion of the system (Laws et al. 1983; Doucha and Livansky 
1995; Chuka-ogwude et al. 2020b). 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 diges-
tates 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 using the ITLP, the light attenuation is reduced 
leading to increases in biomass yield and that by optimiz-
ing the depth of the ITLP, areal productivities are further 
increased (Chuka-ogwude et al. 2021).

So far there are limited data in the literature on com-
parative studies between various systems of cultivation for 
turbid medium such as food waste digestate. The aim of this 
study is to compare the performance of a  NH4

+-N tolerant 
Chlorella sp in an 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, 
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as well as their photosynthesis and irradiance distribution 
were used for comparison.

Materials and methods

Inoculum and culture media

This study was performed using Chlorella sp. MUR 268 pre-
viously 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 vol-
ume of 2 L, under 180 µmol photons  m−2  s−1 irradiance 
and 120 rpm mixing speed. Temperature and humidity were 
controlled at  210C and 24% respectively. For outdoor cul-
tivation, 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 400 L in a 2  m2 paddle wheel driven 
raceway pond from which log phase culture was 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 this study was obtained from a 50,000 t per 
annum two-stage mesophilic food waste anaerobic digestion 
plant (Buhlmann et al. 2019), located in Jandakot, West-
ern Australia. 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 briefly installed (for 10 min) 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 1.

Experimental setup and operational conditions

The outdoor experiments were performed in a 11  m2 paddle 
wheel driven raceway pond ORWP and a 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, operating at a flow rate of approxi-
mately 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. A detailed design of the ITLP and the 
ORWP is described in Raeisossadati et al. (2019). Low-
stress, open impeller, submersible pumps (Davey water prod-
ucts Pty Ltd, Australia) with a maximum 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 maintained at 
7.0 ± 0.3 by injecting pure  CO2 using a TPS miniCHEM pH 
controller (TPS Pty Ltd, Australia). Temperature of the cul-
tures were monitored using Hobo 64 k Pendant temperature 
loggers (Onset computer Corp, USA). Evaporation in the 
two cultivation systems were monitored daily and evapora-
tion loss in the culture was compensated for by replacement 
with fresh water. 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 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 semi-continuous mode of culti-
vation. Semi-continuous cultivation was performed in both 
systems by replacement of 30 – 40% of harvested culture 
volume with fresh ADF and water every 48 h (dilution rate 
of 0.15 – 0.2 day −1), depending on yield and weather condi-
tions. The operating nutrient concentrations of the systems 
after the addition of ADF to water through the course of 
the experiment are described in Table 1. The ORWP was 
operated at a culture depth of 0.2 m and an operational vol-
ume of 2200 L, while the ITLP was operated at a inclined 
surface culture depth of 0.011 m and an operational volume 
of 280 L with approximately 40% of the operational volume 

Table 1  Physiochemical 
properties of Anaerobic 
digestate of food waste (ADF) 
used in this study

Mean ± SD, n = 6

Parameter Stock concentration Working concentra-
tion (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
Chemical Oxygen Demand (COD) 

(mg  L−1)
30,604.13 ± 144 950.24 ± 15.7 109.62 ± 9.2

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
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on the surface of the incline as previously described (Chuka-
ogwude et al. 2021). The experiments were performed from 
November 2020 to March 2021 in outdoor summer condi-
tions of Perth, Western Australia.

Growth rates, productivities, nutrient removal, 
and water loss

Concentration of the microalgae species used in this study 
was evaluated as both cell count using a Neubauer hemo-
cytometer and cell dry weight. Cell dry weight was deter-
mined as ash free dry weight as described by Moheimani 
et al. (2013). 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 chemical oxygen demand 
(COD) concentrations in the cultures were determined using 
a Hanna HI83099 COD and Multiparameter Laboratory—
Photometer (Hanna Instruments, Romania) and accompany-
ing reagents. 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 microalgal biomass were determined by 
analysis of digests of dry microalgae biomass via Flow injec-
tion analysis of ammonia for nitrogen, and orthophosphate 
using an automated flow injection analyser (Lachat Instru-
ments, USA). Water loss / evaporation was determined by 
measuring the amount of fresh water added to the systems to 
replace evaporated water. Data for ambient temperature, and 
rainfall were obtained from the Murdoch University weather 
station.

Light distribution in the cultivation systems

Incident Irradiance spectra in the photosynthetically active 
radiation (PAR) range was measured using a CXR-SR-50 
spectrometer (StellaNet Inc, Florida, USA). The wavelength 
specific absorbance of the cultures  (Absculture(λ) was meas-
ured as log( I0

IL
) at each wavelength, where I0 = incident irradi-

ance on the surface of the cultivations systems (ORWP and 
ITLP), IL = irradiance at distance L, inside the culture. Mean 
irradiance in the cultures were estimated as described by 
Holland and Dragavon (2014) and as depicted in Eqs. 1 and 
2 (detailed descriptions can also be found in Chuka-ogwude 
et al. (2021)).

(1)IL = I
0⋅
e−Lσ

where IL = emergent irradiance at the end of the light path 
L, (µmol photons  m−2  s−1), I

0
 = incident irradiance, (µmol 

photons  m−2  s−1), Imean = mean irradiance inside the culture 
available to algae (µmol photons  m−2  s−1), L = light path 
(m), d = culture depth (m), and � = absorption cross section 
of culture.

Maximum quantum yields, electron transfer rates, 
and photosynthesis – irradiance curves

Photosynthesis eas investigated using a pulse amplitude fluo-
rometer (Water-Pam (cuvette version) fluorometer, Heinz 
Walz,, Germany). Maximum quantum yield in actinic light 
was calculated as  Fv’/Fm ’ = Fm

�
−Fo

�

Fm
�  (Genty et al. 1989). Non 

photosynthetic quenching (NPQ) was determined as NPQ 
=

Fm−Fm
�

Fm
�  (Cosgrove and Borowitzka 2010), after a 30 min 

dark adaptation period.
Rapid light curves (RLCs) were generated and plots 

of relative electron transport rates (rETR) against PAR 
were made as Photosynthesis – Irradiance (P-I) curves as 
described in Chuka-ogwude et al., (2021). Functional rETR 
(FrETR) and functional rETR-ratio of the system were deter-
mined as detailed in Chuka-ogwude et al. (2021) and listed 
in Eqs. 3 and 4, used to quantify the average in-situ rETR 
across the depth of the culture system, and the proportion 
of the culture functioning at maximum rETR respectively.

where, Ii = point irradiance along the trajectory of light 
as it passes through the culture medium, defined by IL in 
Eq. 2,and Pmax and kw are maximum photosynthesis and a 
scaling constant for the X-axis respectively obtained from 
fitting rapid light curves.

Statistical analysis

A minimum of five (5) replicates (harvests) were used (n = 5) 
and the results were expressed as mean ± standard error. 
Two-tailed independent t-tests were used to evaluate sig-
nificant differences between the ORWP and the ITLP, and 
significance was based on p < 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.

(2)I
mean

=
1

d ∫
d

0

I
L
dL

(3)FrETR =
1

n

n
∑

i=0

(

Pmax ∗ kw ∗ Ii ∗ e1−kwIi
)

(4)FrETR − ratio =
FrETR

Pmax



Journal of Applied Phycology 

1 3

Results

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−2   s−1, with minimal 
rainfall. The culture in the ITLP, during the acclimation 
phase (grey portion of the graphs on Fig. 1), was success-
fully built up to high densities of up to 7 g  L−1 employing 
fed-batch with cell recycling before transitioning to semi-
continuous 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 

Fig. 1  Time series of weather 
and culture conditions of the 
cultivation systems through 
the period of cultivation. (a) 
Solar irradiation averaged over 
10-min intervals, (b) Rainfall 
averaged over 10-min intervals 
(c)pH averaged over 10-min 
intervals, (d) Daytime tem-
perature readings averaged over 
10-min intervals, (e) Biomass 
density of the Inclined thin later 
pond (ITLP), (f) Biomass yield 
(ash free dry weight) of the 
open raceway pond (ORWP)
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 L−1. Culture temperature through the period of cultiva-
tion was significantly different (p < 0.05), with the tem-
perature of the ITLP culture being significantly higher at 
25.66 ± 0.13 °C in comparison with 22.44 ± 0.13 °C in the 
ORWP. Maximum temperature was approximately 40.1 °C 
in the ITLP and 32.5 °C in the ORWP and minimum tem-
peratures were 13.8 °C and 10.9 °C 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 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 pro-
ductivities 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  day−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  day−2 in com-
parison with the ORWP having an areal productivity of 

11.46 ± 0.79 g  m−2  day−2. However, the results show that 
there was no significant difference in the maximum spe-
cific 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  day−1 in the ITLP and the 
ORWP respectively. Figure 2 summarizes the growth rates 
and productivities of the culture systems.

Nutrient removal, utilization, and mass balance

The ITLP was significantly more effective than the ORWP 
(p < 0.001) regarding the rate of removal of  NH4-N, phos-
phorous, 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 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 

Table 2  Growth and state of the cultivation systems

Data are reported ± standard error of means. Underlined and bold data values represent “significantly higher”, regular text fonts represent “no 
significant difference”

Culture system Volume (L) Cell count ×  108  mL−1 Average Biomass yield 
 (gAFDW  L−1)

Average Temp (oC) Evaporation loss 
 (Lh20  m−2  day−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

Fig. 2  Average productivities and rates charts for the cultivation sys-
tems. (a) areal productivities, (b) volumetric productivities, (c) maxi-
mum growth rates. Error bars represent standard error of means. Sig-

nificant 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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volatilization, in both the ITLP and the ORWP (Table 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). Phos-
phorous 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  day−1 and 
260.815 mg  m−2  day−1 for nitrogen and phosphorous respec-
tively in the ITLP (Table 4). Overall treatment capacity in 
terms of litres of ADF per unit area per day for the sys-
tems, determined via dilution rates, was not significantly 
different at 0.148 ± 0.05  LADF  m−2  day−1 for the ITLP and 
0.135 ± 0.08  LADF  m−2  day−1 for the ORWP. Both culture 
systems were started with initial ADF-Nitrogen concentra-
tions seen to be most suited to them, especially because of 
turbidity, as discussed in “Experimental setup and opera-
tional conditions”. 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.

Light distribution in the culture systems, 
and photosynthesis

Mean irradiance in the culture systems, as estimated by 
Eqs. 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 photosyn-
thetic 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 max-
imum 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 5 
details the distribution of irradiance inside the microalgae 
cultures in both systems, and the associated photosynthetic 
responses.

Discussion

Culture conditions of the systems

The first obvious difference between the ITLP and the 
ORWP was the ORWP’s inability to support microalgae Ta

bl
e 

3 
 T

ot
al

 n
ut

rie
nt

 re
m

ov
al

 ra
te

s a
nd

 e
ffi

ci
en

ci
es

D
at

a 
ar

e 
re

po
rte

d ±
 st

an
da

rd
 e

rr
or

 o
f m

ea
ns

. U
nd

er
lin

ed
 a

nd
 e

m
bo

ld
en

ed
 d

at
a 

va
lu

es
 re

pr
es

en
t “

si
gn

ifi
ca

nt
ly

 h
ig

he
r”

, r
eg

ul
ar

 te
xt

 fo
nt

s r
ep

re
se

nt
 “

no
 si

gn
ifi

ca
nt

 d
iff

er
en

ce
”

C
ul

tu
re

 
sy

ste
m

To
ta

l  N
H

3-
N

 R
em

ov
al

(m
g 

 L−
1   d

ay
−

1 )
To

ta
l P

- R
em

ov
al

(m
g 

 L−
1   d

ay
−

1 )
To

ta
l  N

O
3-

N
 R

em
ov

al
(m

g 
 L−

1   d
ay

−
1 )

To
ta

l C
O

D
 

Re
m

ov
al

(m
g 

 L−
1   d

ay
−

1 )

Pe
rc

en
t-

ag
e 

 N
H

3-
N

 
Re

m
ov

al
 (%

)

Pe
rc

en
ta

ge
 P

- 
Re

m
ov

al
 (%

)
Pe

rc
en

t-
ag

e 
 N

O
3-

N
 

Re
m

ov
al

 (%
)

Pe
rc

en
ta

ge
 

CO
D

 R
em

ov
al

 
(%

)

IT
LP

53
.1

88
 ±

 0.
0

3.
18

3 ±
 0.

02
6.

7 ±
 0.

04
27

1.
85

7 ±
 0.

02
96

.5
 ±

 0.
01

93
.6

 ±
 0.

02
79

.3
 ±

 4.
04

67
.5

 ±
 2.

02
O

RW
P

1.
28

6 ±
 0.

12
0.

21
 ±

 0.
09

0.
16

7 ±
 0.

11
22

.0
92

 ±
 0.

12
46

.6
 ±

 12
.1

0
67

.9
 ±

 13
.0

1
52

.4
 ±

 11
.0

3
47

.1
 ±

 12
.0

1



 Journal of Applied Phycology

1 3

biomass above 0.5 g  L−1. This was due to severe photolimi-
tation 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 par-
ticles and colour (Wang et al. 2010; Marcilhac et al. 2014). 
With the food digestate used in this study, the turbidity was 
very high (Table 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 median to 
upper limits are from 25 – 42 °C (Kessler 1985), and lower 
limits of 10 – 15 °C (Cho et al. 2007). A consequence of 
the higher temperature in the ITLP was a higher evapora-
tion rate. However, while evaporation constitutes a signifi-
cant 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.

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 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 superior-
ity of the ITLP is clearly displayed in the results of both vol-
umetric and areal productivities. Clearly, the ITLP was able 
to sustain and support growth of high cell density culture 
of almost 4 ×  108 cells  mL−1 (Table 2) due to its ability to 
supply more photons to the algae and higher mixing and tur-
bulence. This contrasts with the ORWP which could not sup-
port a high cell density culture. The much lower productivi-
ties 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  day−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 (Morales-Amaral et al. 2015a; 
Jebali et al. 2018; Shayesteh et al. 2021). Notably, the afore-
mentioned examples were done in digestates significantly 
less turbid that the ADF used in this study. However, pro-
ductivities obtained for the ORWP in this study are signifi-
cantly higher than reported for anaerobic digestate of pig-
gery waste effluent of similar turbidity with productivities of 
6.2 g  m−2  day−1 and 0.024 g  L−1  day−1 (Nwoba et al. 2016; 

Table 4  Percentage nutrient absorption and removal rates by biomass

Data are reported ± standard error of means. Underlined and emboldened data values represent “significantly higher”, regular text fonts represent 
“no significant difference”

Culture system Percentage of 
removed N absorbed 
in biomass (%)

Percentage of 
removed P absorbed 
in biomass (%)

Total N 
absorbed by 
biomass
(mg  L−1  day−1)

Total P 
absorbed by 
biomass
(mg  L−1  d−1)

Total N absorbed by biomass
(mg  m−2  day−1)

Total P 
absorbed by 
biomass
(mg 
 m−2  day−1)

ITLP 81.549 ± 3.89 85.675 ± 5.41 50.16 ± 2.57 5.544 ± 0.28 2359.759 ± 64.75 260.815 ± 7.16
ORWP 80.361 ± 5.01 83.635 ± 6.86 2.432 ± 0.48 0.269 ± 0.05 843.6 ± 65.19 93.24 ± 7.21

Table 5  Irradiance distribution, and photosynthetic parameters of the culture systems

Data are reported ± standard error of means. Underlined and emboldened data values represent “significantly higher”, regular text fonts represent 
“no significant difference”

Culture system I0
(µmol photons 
 m−2  s−1)

Ioptimum
(µmol photons 
 m−2  s−1)

Imean (µmol pho-
tons  m−2  s−1)

α rETRmax NPQmax Fv’/Fm’ FrETR FrETR-ratio

ITLP 1379.716 ± 49.81 614.576 ± 83.85 261.491 ± 14.41 0.176 ± 0.01 37.825 ± 2.74 0.539 ± 0.02 0.647 ± 0.01 17.91 ± 1.22 0.474 ± 0.03
ORWP 1250.364 ± 132.3 718.59 ± 72.69 180.545 ± 21.39 0.183 ± 0.02 46.313 ± 5.14 0.529 ± 0.06 0.627 ± 0.03 14.599 ± 0.8 0.328 ± 0.03
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Raeisossadati et al. 2019) and similar to that reported by 
Serejo et al. (2015) at 11.8 g  m−2  day−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  day−1 (Doucha et al. 2005; Silva 
Benavides et al. 2017; Grivalský et al. 2019; Schadler et al. 
2020). Also, productivities 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  day−1 (Raeisossadati et al. 2019; Chuka-ogwude 
et al. 2021). 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 transiting to semi-continuous 
culture mode.

Nutrient removal, utilization, and mass balance

The result regarding nutrient removal suggests that the defin-
ing 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 bio-
mass, of 50.16 mg  L−1  day−1 and 2359.759 mg  m−2  day−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 diges-
tate of piggery effluent yielding a total (via biomass and 
volatilization combined) areal removal of nitrogen of 19 mg 
 L−1  day−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 condi-
tions, are between 0.5 – 22.7 mg  L−1  day−1 (Sevrin-Reyssac 
1998; Marcilhac et al. 2014; Shayesteh et al. 2021). Some of 
the highest removal rates reported are from Morales-Amaral 
et al., (2015b) with 38 mg  L−1  day−1 and 3.9 mg  L−1  day−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 removal and ADF 
treatment, and corroborates Morales-Amaral et al., (2015a, 
b) that biomass concentration is the defining factor required 
for nutrient removal.

However, volatilization of  NH4-N is a significant prob-
lem 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 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 volatili-
zation 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, poten-
tial improvements could be realized if a feeding regime is 
implemented to match microalgal growth rate with nutrient 
supply, on-demand, using methods such as a combination 
of exponential feeding and continuous cultivation methods.

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. However, the difference in mean irradiance did 
not elicit a matching difference in growth rates, this is not 
surprising since other parameters relating to the light pro-
file like the optimum irradiance for the cells (Ioptimum) in 
both systems were the same, indicating that the light pro-
files 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 differ-
ent between the ITLP and the ORWP. These parameters 
as shown in Table 5 indicate that the cells in both culture 
systems were not stressed or photoinhibited as indicated by 
the low  NPQmax values, and this is a significant observa-
tion especially for the ITLP with a depth of 0.011 m. The 
high-density culture in the ITLP mitigated against any sig-
nificant photoinhibition that would otherwise have occurred, 
considering the high incident irradiance as is the case for 
lower depth culture in ILTPs (Chuka-ogwude et al. 2021). 
Given the similarities in the parameters mentioned above, 
the reason the reason the ITLP was able to sustain a cul-
ture 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 func-
tional max rETR of the culture, averaging out the spatial 
 rETRmax across the depth of the culture on the ITLP, and the 
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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 chal-
lenged 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 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).

Significance of the study

The above give credence to the ITLPs advantage over the 
ORWP. Previous studies comparing ITLPs to open race-
way ponds for the cultivation of the microalga Scened-
esmus sp. in centrate have reported preliminary techno-
economic 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. 2015a). 
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 tech-
noeconomic analysis and a life cycle analysis, especially 
considering biomass productivity and water savings associ-
ated with the ITLP is required to ascertain this.

Conclusions

In this study we have compared an ORWP and an ITLP 
for the treatment and valorisation of food waste diges-
tate. 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 bio-
mass production with ADF. This means that for the same 
treatment plant, there would be need for third of cultiva-
tion area. A massive portion of the cost of microalgal 
production is the Capex required for building ponds. This 
would result in significant cost saving in treating anaero-
bic digestate using microalgae in dry temperate regions 
like Western Australia. In general, we believe that the 
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 digestates.
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