
Heterotrophic cultivation of Chlorella vulgaris yellow mutant on 
sidestreams: Medium formulation and process scale-up

Mafalda Trovão a,b,c,d,1, Ana Barros a,1, Adriana Machado a, Ana Reis a, Humberto Pedroso a,  
Gonçalo Espírito Santo a, Nádia Correia a, Monya Costa b, Sara Ferreira b, Helena Cardoso a,  
João Varela b,e, Joana Silva b, Hugo Pereira b, Filomena Freitas c,d,*

a Allmicroalgae Natural Products S.A., R&D Department, Pataias 2445-413, Portugal
b GreenCoLab - Associação Oceano Verde, University of Algarve, Faro 8005-139, Portugal
c Associate Laboratory i4HB - Institute for Health and Bioeconomy, School of Science and Technology, NOVA University Lisbon, Campus de Caparica, 2829-516, 
Caparica, Portugal
d UCIBIO – Applied Molecular Biosciences Unit, Department of Chemistry, School of Science and Technology, NOVA University Lisbon, Campus de Caparica, 2829-516, 
Caparica, Portugal
e CCMAR - Centre of Marine Sciences, University of Algarve, Faro 8005-139, Portugal

A R T I C L E  I N F O

Keywords:
Biomass productivity
Food waste
Heterotrophic cultivation
Sidestreams
Microalgae
Protein productivity

A B S T R A C T

Microalgal protein is a promising feedstock to complement and/or replace other protein sources. Besides 
requiring less land and water usage, microalgae production is a more sustainable process, especially if industrial 
sidestreams are used as nutrient sources. Additionally, the heterotrophic cultivation of microalgae, such as 
Chlorella vulgaris, enables the achievement of much higher biomass productivity and lower areal footprint than 
autotrophic cultivation. Chlorophyll-deficient strains of C. vulgaris, as the yellow strain 7Y, provide microalgal 
biomass with improved sensory properties. In line with this, a waste-based medium was formulated to cultivate 
this strain, aiming at maximum biomass productivity. In this context, several industrial sidestreams were 
screened, and two food wastes and corn molasses were selected for their high nitrogen and glucose concentra
tions, respectively. The waste-based medium formulated was compared to the inorganic optimised medium at 
laboratory scale in Erlenmeyer flasks and 7-L reactors. The results obtained in the 7-L fermenters revealed that 
both conditions achieved similar biomass productivities and growth rates of approximately 14 g L− 1 d− 1 and 0.8 
d− 1, respectively. The biomass and protein productivities were further enhanced by supplying a higher nitrogen 
concentration in the feeding solution when the process was scaled-up to 200-L reactors, reaching 22 and 6.3 g L− 1 

d− 1, respectively, thus validating the developed industrial waste-based medium for the efficient cultivation of 
C. vulgaris under heterotrophic conditions.

1. Introduction

The current agricultural practices that come with land, water and air 
contamination, green-house gas emissions, ecosystem degradation and 
land clearing, must be replaced by the implementation of more sus
tainable practices [1–3]. In this context, microalgae arise as natural 
sources of not only protein but also lipids (including omega-3 fatty 
acids), carbohydrates, vitamins (e.g., B12), micronutrients (e.g., iron), 
and antioxidant pigments, thus making them an interesting alternative 

feedstock for nutritional applications with reduced environmental 
impact [4–7]. In addition, microalgal protein from several genera, 
including Chlorella, fits the requirements reported by the World Health 
Organisation (WHO) and the Food and Agriculture Organisation of the 
United Nations (FAO) [8], containing all the essential amino acids in 
relevant quantities, being also comparable to other protein sources, such 
as soy. Furthermore, the inclusion of this ingredient in food products has 
been described to favour the bioaccessibility and digestibility of some 
nutrients, such as K, Ca, Mg, P, Mg and protein [9].
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Nonetheless, it is challenging to create such products considering the 
sensory properties of microalgal biomass unleashed by the presence of 
chlorophyll, such as the fishy smell, green colouration and grassy 
flavour [6,10–12]. Moreover, the limited number of species approved 
for food applications (EU, 2017/2470; EU, 2024/1052), costly inputs 
and low productivity, hinder the commercialisation of these products 
[10,13–15]. One of the strategies to handle these hurdles has been the 
isolation of novel strains through mutagenesis towards improved 
organoleptic traits, such as reduced chlorophyll contents. 
Chlorophyll-deficient mutants with yellow or white colourations, for 
example, have been isolated through random mutagenesis and selection 
with metabolic inhibitors of pigments’ pathways to attain an improved 
colour of the biomass, odour and taste [10,12]. After strain selection, the 
optimisation of the whole bioprocess (e.g., cultivation conditions, cul
ture medium, among others) might also be carried out to develop an 
appealing product and to maximize productivity.

Additionally, the production costs might be significantly decreased 
by replacing chemical reagents with sidestreams, while contributing to 
the bioremediation of such industrial wastes and towards an even more 
sustainable process [16–18]. The pitfalls mentioned above might also be 
addressed by cultivating microalgae in heterotrophic conditions, using 
species with that capability, such as C. vulgaris. Animal and plant protein 
production requires more land and water use when compared to 
microalgae, while in heterotrophic cultivation, this gap is further 
enhanced by an even lower areal footprint [18–20]. In addition, it en
ables the establishment of highly controllable processes with pro
ductivities 10–100-fold higher than in photoautotrophic cultivation and 
higher biomass and protein yields when compared to traditional crops 
[21,22].

Finally, since microalgal biomass is more costly to produce than 
traditional feedstocks, it is critical to scale up the processes to reach 
economic feasibility while increasing the value of the biomass. This 
valorisation can be achieved by developing more appealing products, as 
mentioned above, but also through other differentiation factors, namely 
the enrichment of target nutrients to claim the biomass as a source of 
those, assuring the dietary reference values requirements (DRVs) 
established by the EFSA [23] and/ or differentiating certifications, for 
instance, the European organic certification (Regulation EU 2018/848).

Regarding the usage of sidestreams, many reports can be found in the 
literature about microalgae cultivation with different byproducts, 
wastes and effluents. However, most studies have been performed in 
photoautotrophic or mixotrophic conditions. Few studies have been 
published reporting cultivation in heterotrophic conditions with side
streams, namely with sugarcane molasses, crude glycerol, swine 
wastewater, among others [24–26], which reached low biomass con
centrations if no pre-treatment was applied, compared to the highest 
values reported in the literature for Chlorella vulgaris [21]. Higher 
biomass concentrations have been reported when pre-treatments, such 
as enzymatic hydrolysis, were carried out before [27]. In addition, since 
an organic carbon source is used in heterotrophic cultivation, more 
challenges arise concerning contaminations throughout the process, 
which prevents the success of waste-based fermentations due to the 
hardship of securing the sterilisation of these feedstocks.

Many industries, particularly the food and beverage industry, end up 
wasting a large portion of their production. This year, one-fifth of the all 
food produced worldwide was wasted [28]. These sidestreams are often 
overlooked and thrown away. However, they represent a rich source of 
nutrients, which might actually be useful to produce more food for an 
increasing population with increasing demands, namely by using these 
feedstocks to cultivate microalgae. Moreover, from the sustainability 
point of view, it would be important to reuse sidestreams at a local level, 
for example by installing microalgae production facilities near those 
sources.

This work focused on the development of an appealing microalgal 
product for food applications, based on a more sustainable production 
process and biomass valorisation. Thus, a waste-based (WM) medium 

was developed and compared with the optimised inorganic (IM) me
dium to cultivate a yellow Chlorella vulgaris mutant strain in heterotro
phic conditions, aiming at maximizing biomass productivity. To the 
authors knowledge, this is the first report on the use of sidestreams with 
no pre-treatment to reach biomass productivities and concentrations 
comparable to the values achieved under cultivation with inorganic 
medium as well as an organic-certified medium formulation to cultivate 
microalgae under heterotrophic conditions.

2. Materials and methods

2.1. Microalgal strains and culture medium

Chlorella vulgaris wildtype axenic inoculum was obtained from All
microalgae Natural Products S.A. culture collection, from cryopreserved 
aliquots stored in liquid nitrogen (–196 ◦C). The yellow Chlorella vulgaris 
mutant strain, 7Y, was obtained by random mutagenesis with 125 mM of 
ethyl methane sulphonate (EMS) and selected with 2.5 mM of nicotine as 
the metabolic inhibitor, as described by Trovão et al. [10] The hetero
trophic inorganic medium (IM-medium) described by Barros et al. [21], 
an altered version of the Guillard’s F2 culture medium [29], containing 
20 g L− 1 of glucose, was used to cultivate these strains with the following 
modifications: CoCl2.6H2O was replaced by 0.00016 g L − 1 of 
NiCl2.6H2O, nitrate was replaced by 40 mM of ammonium sulphate and 
4.9 g L − 1 of K2HPO4⋅H2O were added.

2.2. Sidestreams screening

2.2.1. Sterilisation trials
Several sidestreams, namely corn steep powder (Baolingbao Biology 

®), corn steep liquor (Nutropam®), corn (confidential source), beetroot 
(Greenstim®), sugarcane molasses (Sidul® and RAR®), apple pulp 
(Sumol Compal®), cheese whey (Lactogal®), vinasses (Vinaza®) and 
food wastes (confidential source), were subjected to a standard steri
lisation procedure: autoclaving 50 mL in 100-mL bottles, at 121 ◦C for 
40 min. The occurrence of precipitation of each sample was analysed, as 
well as their sterility. Precipitation was evaluated macroscopically, and 
a classification was given according to the presence of solids in sus
pension: “-”, no precipitate; “+ ”, some precipitation and solids in sus
pension; “++”, significant precipitation and solids in suspension. The 
viscosity of each sidestream was also observed and classified as: “໐”, low 
viscosity; “໐໐”, intermediate viscosity”; “໐໐໐”, high viscosity. After 
autoclaving, a sample of 1.1 mL was taken from each sidestream, from 
which 1 mL was added to 9 mL of liquid broth (nutrient broth, HiMedia) 
and the remaining 100 µL were spread onto plates with solid medium 
(plate count agar, VWR). The samples in liquid broth and the plates were 
incubated for 3 days at 30 ◦C (INCU-Line, VWR), after which a sample 
was taken to observe contamination macroscopically and by optical 
microscopy in the case of the liquid samples (Axio Scope A1®, Carl Zeiss 
Microscopy GmbH, Oberkochen, Germany), in contrast phase to more 
easily identify eventual contaminations.

2.2.2. Chemical characterisation

2.2.2.1. Elemental analysis (C, H, N). The C, H and N content of each 
sidestream was quantified by elemental analysis (Vario EL III®, Ele
mentar Analyser System; GmbH, Hanau, Germany) according to the 
manufacturer’s instructions (the samples were weighed into aluminium 
microcapsules, in duplicate). Liquid samples were freeze-dried in a 
Coolvacuum, Lyomicron (Barcelona, Spain) before weighting and 
encapsulation.

2.2.2.2. Sugar composition. The sugars’ concentration and composition 
of each sidestream were analysed by HPLC, with a CarboPac PA10 col
umn (Dionex, Sunnyvale, CA, USA) equipped with an amperometric 
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detector, as reported by Rodrigues et al. [30]. A solution of anhydrous 
99 % D-(+)-glucose (Fisher Chemical) and 99 % D-(+)-xylose (Sig
ma-Aldrich) ranging between 1 and 100 ppm was used as standard, and 
NaOH at 4 mM was used as eluent at 30 ◦C, using a flow rate of 
0.9 mL/min.

2.2.2.3. Elemental analysis by inductively coupled plasma - atomic emis
sion spectroscopy. According to the sidestreams screening, corn molasses 
was selected as the carbon source, and food wastes 1 and 2 were selected 
for their higher nitrogen content, whose sterilisation was also validated. 
To further characterise these sidestreams and the concentration of 
essential micro- and macronutrients, the following elements were 
quantified by Inductively Coupled Plasma - Atomic Emission Spectros
copy (ICP-AES), from Horiba Jobin-Yvon, France, model Ultima: B, Ca, 
Co, Cu, Fe, K, Mg, Mn, Mo, N, Ni, P, Zn. For this, samples were previously 
hydrolysed at 70 ◦C for 1 h after dilution of 1:4 with H2SO4, cooled down 
to room temperature and filtered before the analysis.

Considering these compositions, a waste-based medium (WM-me
dium) was formulated by adjusting the concentration of each sidestream 
to reach a concentration of each nutrient as close as possible to the 
concentrations of the inorganic medium (IM-medium): 0.5 % of food 
waste 1, 3.5 % of food waste 2, 4 % of corn molasses and 0.8 % of a food 
waste-based supplement, rich in trace elements, magnesium and cal
cium, provided by the same supplier of the food wastes.

2.3. Waste-based medium formulation and validation

2.3.1. Growth performance under different carbon sources
The growth performance of strain 7Y was compared under cultiva

tion with two carbon sources, with a 50-mL working volume in 250-mL 
Erlenmeyer flasks. This trial was carried out in biological triplicates with 
IM-medium, at 30 ◦C, at pH 6.5, with PIPES buffer at 50 mM, in an 
orbital incubator set at 200 rpm (ArgoLab® shaker SKI 4, Carpi, Italy). 
Dextrose, synonym of glucose (Dextropam), at 500 g L− 1 was compared 
to corn molasses, with a final concentration of 20 g L− 1 of glucose in the 
medium.

2.3.2. Comparison of growth performance with inorganic medium vs waste- 
based medium

The growth performance of strain 7Y was compared under cultiva
tion with the respective IM-medium, and the WM-medium, with a 50-mL 
working volume in 250-mL Erlenmeyer flasks. The WM condition was 
tested with and without Ni supplementation, at the same concentration 
as in the IM condition, 0.675 µM (stock solution of NiCl2.6H2O at 1 mM), 
since the WM did not contain Ni in its composition. This trial was carried 
out using biological triplicates in an orbital incubator set at 200 rpm 
(ArgoLab® shaker SKI 4, Carpi, Italy) at 30 ◦C, a pH of 6.5, and PIPES 
buffer at 50 mM.

2.3.3. Process validation and scale-up
The growth trials of this yellow strain were validated in 7-L fer

menters (New Brunswick BioFlo® CelliGen®115; Eppendorf AG, 
Hamburg, Germany) with a working volume of 5 L to compare the IM 
and WM-medium when higher cell concentrations were achieved as well 
as adapting the feeding strategy to the in-house automation control 
system. Thus, the seed for the 200-L trials was also obtained in these 7-L 
bench-top reactors.

For the IM-medium condition, trials in the 7-L reactors were con
ducted in the same conditions as described by Schüler et al. [12]. Briefly, 
glucose (500 g L− 1) and ammonia (24 % m/m) were supplied in 
fed-batch mode to maintain a concentration of 1–20 g L− 1 and a pH of 
6.5, respectively. Silicon-based antifoam was added when necessary.

For the WM condition, both in the 7-L and 200-L reactors, besides 
using the WM-medium instead of the IM), fed-batch was performed by 
replacing glucose with corn molasses and ammonia with food waste 1 

(5:1 v/v in the 7-L reactors and 4:1 v/v in the 200-L reactors). Vegetable 
oil-based antifoam 3001 was added when necessary. Additionally, an 
extra dosage of Food Waste 1, equivalent to the quantity supplied in the 
WM-medium at the beginning of growth, was added between 3.7 and 4.7 
days to increase the ammonium concentration, whose supply through 
feeding was insufficient.

In both IM and WM conditions, growth was carried out at 30 ◦C and 
aseptic sampling was performed twice a day to monitor the culture’s 
growth. The 7-L and 200-L reactors started with initial working volumes 
of 3 L and 100 L, respectively. The 7-L reactors were inoculated with 
10 % v/v inoculum (obtained in the 1-L Erlenmeyer’s), while the 200-L 
reactors were inoculated with approximately 5 % v/v inoculum (ob
tained in the 7-L reactors), both starting at an initial DW between 1 and 
2 g L− 1. In addition, the air inlet flowrate was increased gradually to 
keep approximately at 1 vvm, and the agitation was increased from 100 
to 1200 rpm in the 7-L reactors, and from 100 to 450 rpm in the 200-L 
reactors, to ensure a sufficient supply of oxygen (dissolved oxygen set
point fixed at 70 %). A constant dissolved oxygen (DO) value feeding 
strategy (DO-stat) was used to control substrate concentration 
throughout growth [31,32]. When the substrate is exhausted, a DO 
spiking occurs, leading to a sharp agitation decrease, which triggers the 
automated glucose feeding.

2.4. Growth assessment

Growth was followed through daily sampling and measuring optical 
density at 600 nm (OD600) (Genesys 10S UV-Vis®; Thermo Fisher Sci
entific, Massachusetts, EUA) and medium pH (Metria universal pH test 
paper strips; Labbox Labware, SL, Barcelona, Spain). Cultures were also 
observed under the microscope once a day (Axio Scope A1®, Carl Zeiss 
Microscopy GmbH, Oberkochen, Germany).

In addition, a correlation was established between OD600 and dry 
weight (DW) for this strain (Eq. 1; R2 = 0.9815): 

OD600 = 1.8025 × DW (1) 

DW was determined and calculated as described by Trovão et al. 
[33].

Biomass productivity (rp, g L− 1 d− 1) and growth rate (µ, d− 1) were 
calculated by the following Eqs. 2 and 3, respectively: 

rp = (DWf − DWi)
/
(tf − ti) (2) 

μ = (In (DWf ÷ DWi))
/
(tf − ti) (3) 

where DWf − DWi corresponds to the difference between the final and 
initial dry weights measured at the respective times points tf and ti, 
where tf corresponds to the end of the exponential phase, the time point 
right before the stationary phase.

The concentration of ammonium was determined, when appropriate, 
through a Sera GmbH® test (Heinsberg, Germany). The supernatants 
were diluted with distilled water, when convenient, and the three kit 
reagents were added and homogenised according to the protocol pro
vided by the manufacturer. After 5 min of reaction, the OD at 697 nm 
was measured in the spectrophotometer and ammonium concentration 
(mM) was calculated according to the calibration established previously 
with the standard (ammonium nitrate): 

[NH4] = (OD697 +0.092) /13.927 (4) 

At the end of each trial, samples were centrifuged at 4500 g for 
15 min (Hermle® Z300 centrifuge, Gosheim, Germany), the supernatant 
was discharged, and the resulting pellet was frozen at − 20 ◦C. The ob
tained pellets were freeze-dried in a Coolvacuum, Lyomicron (Barce
lona, Spain) and stored in a desiccator for posterior biochemical 
analysis.

M. Trovão et al.                                                                                                                                                                                                                                 Journal of Environmental Chemical Engineering 13 (2025) 115361 

3 



2.5. Protein content

Nitrogen content was quantified by elemental analysis (Vario EL 
III®, Elementar Analyser System; GmbH, Hanau, Germany), according 
to the manufacturer’s instructions, which allowed to estimate the pro
tein content of each sample by multiplying the nitrogen content by a 
factor of 6.25 [34].

2.6. Statistical analysis

All the growth trials were performed in biological triplicates. One- 
way Analysis of Variance (ANOVA), followed by Tukey HSD post-hoc 
test was carried out with a confidence interval of 95 % (XLStat soft
ware, v2401.16.0, Microsoft® Excel®). Results are expressed as mean 
± standard deviation.

3. Results and discussion

3.1. Sidestreams screening

3.1.1. Sterilisation trials
Several sidestreams were evaluated for the formation of a precipitate 

upon autoclaving, the sterilisation effectiveness and the samples vis
cosity, whose results are shown in Table 1.

Corn steep powder and liquor and the different molasses tested are 
abundant worldwide and are considered wastes rich in sugar and with 
great potential as carbon sources. Apple pulp, cheese whey and vinasses 
are abundant local sidestreams in Portugal, which also impacts trans
portation costs. Apple pulp is richer in carbon, while cheese whey and 
vinasses also have high nitrogen content, besides carbon. Food wastes 
are also very abundant worldwide and rich in a plethora of nutrients, 
depending on their origin. According to the Food Waste Index Report of 
United Nations Environment Programme and the World Food Pro
gramme, one-fifth of the food produced for human consumption was 
wasted in 2024 [28]. Using these sidestreams as feedstocks for food 
production, in this case, microalgal biomass, enables the re-utilisation of 
these nutrients and partially addresses the current unsustainable food 
waste that contributes to environmental issues and food insecurity 
worldwide. Additionally, some of the sidestreams selected for further 

testing hold an organic certification, which might enhance the value of 
microalgal products in the market if a fully organic production process is 
developed and established.

The more solids in suspension, organic matter, and viscosity a solu
tion presents, the more difficult it is to sterilise [35]. Marques et al. [36]
also indicated the presence and concentration of organic carbon as a 
potential factor promoting microbial growth. For these reasons, it was 
not possible to effectively sterilise corn steep liquor and vinasses by this 
standard autoclaving procedure (Table 1), which prevents the usage of 
these substrates in axenic fermentations without further treatments. 
Interestingly, Marques et al. [36] tested different treatments on different 
food waste formulations and autoclaving, also at 121 ◦C for 40 min as in 
this work, effectively eliminated microbial contamination, followed by 
ohmic treatment (20 kHz, 95 ◦C) that eliminated contamination in 6 out 
7 food wastes, while conventional heating (95 ◦C for 30 s) only elimi
nated 57 % of microbial contamination.

The non-organic antifoam (1414) was the clearer solution, followed 
by 3001, which was selected to carry out this study, since it presented a 
less pronounced deposit compared to 4000, 4010 and 4020. Neverthe
less, all of them were effectively sterilised.

3.1.2. Chemical characterisation

3.1.2.1. Elemental analysis and sugar composition. The most important 
macronutrients in microalgae cultivation are carbon and nitrogen, so an 
elemental analysis of all sidestreams was carried out to identify those 
with the highest potential to be used as C and N sources (Table 2). 
Additionally, the sugar composition of each sidestream was determined.

All sidestreams presented a C content between 30 % and 45 %, 
except the food wastes that had much lower values, around 16 % 
(Table 2). Regarding the N content of the samples, the highest values 
(23–30 %) were displayed by the latter, so those food wastes were 
selected for further analysis as potential nitrogen sources. Since the 
other substrates displayed similar carbon contents, further analyses 
were also carried out to select the most suitable for the cultivation of 
C. vulgaris, namely the sugar composition, in particular glucose content.

Several sidestreams have been used as carbon sources, but not 
exclusively, since most lack other important nutrients, to cultivate 
Chlorella, as it is reviewed in Table S1 (Supplementary Material), being 
the most common, crude glycerol and sugarcane molasses for hetero
trophic cultivation.

It has been well-established that glucose is one of the preferred and 
more efficient carbon sources for Chlorella spp. under heterotrophic 
metabolism [25,38,39]. Other monomeric sugars such as fructose and 
galactose or more complex sugars such as sucrose might be converted to 
glucose through hydrolytic treatments, namely enzymatic, though that 
would impact production costs and time. Different approaches have also 
been reported more recently, namely by combining the cultivation of 
C. pyrenoidosa with other symbiotic microorganisms, such as yeasts, that 
convert, for example, sucrose to glucose [40,41].

Since glucose is the preferred C source for C. vulgaris, corn molasses, 
which exhibited the highest glucose concentration 501.72 
± 13.00 g L− 1, without further treatment, was selected as the most 
suitable substrate to replace dextrose used in the IM-medium formula
tion. To the authors knowledge, the use of this substrate for C. vulgaris 
cultivation is reported here for the first time. Though beet molasses 
displayed the highest C content (45.10 ± 0.68 %), since the main sugar 
is sucrose [42], corn molasses was preferable instead. Together with 
corn steep liquor, sugarcane molasses has also been used to cultivate this 
microalga heterotrophically. However, this is a more sucrose-rich 
resource as reported by Mirzaie et al. [24]. Other microalgal species, 
namely C. protothecoides [27], C. zofingiensis [43] and Chlorella sp. [44]
(Table S1 - Supplementary Material) have also been cultivated in sug
arcane molasses. Under these growth conditions, a maximum DW of 
70.9 g L− 1 was achieved by Yan et al. [27], with this carbon (and 

Table 1 
Precipitation level of each sidestream was classified as no precipitate (–), some 
precipitation and solids in suspension (+) and significant precipitation and 
solids in suspension (++) according to what was observed in each solution after 
autoclaving for 40 min, at 121 ◦C. The viscosity of each solution was classified 
similarly as low viscosity (໐), intermediate viscosity (໐໐) and high viscosity 
(໐໐໐). Sterilisation effectiveness of each sidestream was classified as sterile (√) 
and not sterile (X). It is also mentioned if each product holds an organic certi
fication (OC). PO – polyol-based; VO – vegetable oil-based.

Sidestream Precipitation Viscosity Sterilisation OC

Corn steep powder + + ໐໐ √ No
Corn steep liquor + + ໐໐໐ X No
Corn molasses – ໐ √ No
Beatroot molasses + ໐ √ Yes
Sugar cane Molasses 1 + ໐໐໐ √ No
Sugar cane Molasses 2 + ໐໐໐ √ No
Apple pulp + ໐໐ √ No
Cheese whey + + ໐ √ No
Vinasses 1 + ໐໐໐ X Yes
Vinasses 2 + ໐໐໐ X Yes
Vinasses 3 + ໐໐໐ X Yes
Food waste 1 – ໐ √ Yes
Food waste 2 – ໐ √ Yes
Antifoam 1414 (PO) – ໐໐ √ No
Antifoam 3001 (VO) + ໐໐ √ Yes
Antifoam 4000 (VO) + + ໐໐ √ Yes
Antifoam 4010 (VO) + + ໐໐ √ Yes
Antifoam 4020 (VO) + + ໐໐ √ Yes
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nitrogen) source, with C. protothecoides.
Starch and cellulose are both polymers of glucose. While cellulose 

has β-1,4 glycosidic bonds between monomers, which are very difficult 
to hydrolyse, starch consists of an amylose skeleton with α-1,4 bonds 
between glucose monomers that branch into amylopectin through α-1,6- 
glycosidic bonds [45]. Plants, fruits and seeds exhibit various types of 
starch that might vary in size, composition, among other features, 
which, when fully hydrolysed, either by acidic or enzymatic mecha
nisms, is split into glucose [45]. Corn is one of the most abundant crops 
worldwide, and it is used for dextrose production through hydrolysis of 
the starch fraction. The hydrolysate obtained is then concentrated until 
saturation, cooled down and sent to crystallizers [46]. In these crystal
lizers, water circulates to induce crystal formation, and the crystal
lisation water gives origin to a by-product, that will be called from now 
on as corn molasses [46,47]. This process has been illustrated with sugar 
cane [48], instead of corn.

Corn molasses is a by-product of this process with high concentra
tions of glucose, as demonstrated by the HPLC results. In addition, this 
sidestream might be rich in other nutrients, which will discussed further.

3.1.2.2. Inductively coupled plasma - atomic emission spectroscopy. ICP- 
AES was carried out to determine the concentration of several elements 
present in the selected N sources (Food Waste 1 and Food Waste 2) and C 
source (corn molasses) (Table 3).

The Food Waste 2 was the richest in N and P, while Food Waste 1 
presented lower concentrations of these nutrients. However, Food Waste 
1 displayed higher concentrations of K, Mg, Fe and Mn. Corn molasses is 
mostly a C source, as mentioned before, but it also exhibited almost 
5 mM of P and 24 mM Na (Table 3). Nickel was the only element that 
was not detected in any of these sidestreams.

Other food wastes with different origins have been analysed by other 
authors through the same methodologies (elemental analysis and ICP- 
AES) and compositions vary significantly. For example, Marques et al. 
[36] analysed seven food wastes, and the concentrations of Ca, Fe, K, 
Mg, Na and P were around 5, 1000, 10–10000, 25, 1000–10000 and 
40000–120000 times lower than the concentrations obtained in this 
study (Table 3).

Based on the composition of the IM-medium, a WM-medium was 
formulated by adjusting the concentration to add of each sidestream 
selected: 0.5 % of food waste 1, 3.5 % food waste 2, 4 % corn molasses 
and 0.8 % food waste-based supplement, rich in trace elements, mag
nesium and calcium. The only element that was absent in this formu
lation was nickel, although it is included in the IM-medium composition.

3.2. Waste-based medium formulation and validation

3.2.1. Growth performance under different carbon sources
Commercial glucose and corn molasses were tested as C sources in 

terms of growth performance of the yellow C. vulgaris strain, 7Y, in shake 
flask assays (Table 4).

Standard glucose and corn molasses led to similar biomass produc
tivity, growth rate, maximum DW and protein contents of the yellow 
strain 7Y. The values obtained in the present study are similar to those 
reported for this species and also for yellow mutant strains at this scale 
(around 2 g L− 1 d− 1, 1 d− 1 and 30–40 % DW of protein content) [10,12]. 
However, standard glucose is almost twice the price of corn molasses. 
Since carbon supply is one of the most significant costs in heterotrophic 
production and microalgal products struggle to compete with other 
plant-based cheaper products, corn molasses was selected to carry out 
further work [18]. In addition, regarding the sustainability of the pro
cess, corn molasses is a more sustainable resource, given it is an 
undervalued sidestream from an industrial process. On the other hand, if 
the goal is to increase the value of the final product, the biomass might 
be produced entirely with organic certified products, so that the final 
product also holds that certification. Thus, the previously mentioned 

Table 2 
Elemental composition (C, H, N) and sugar composition (including glucose, galactose and fructose) of different sidestreams. Different letters indicate significant 
differences (p < 0.05) between sidestreams. n.a. – not applicable; n.d. – not detected.

Elemental analysis (%) Sugar composition (g L¡1)

Sidestream C N H Glucose Galactose Fructose

Corn steep powder 36.27 ± 0.18a,b 7.55 ± 0.04a 6.13 ± 0.09a 1.09 ± 0.02a n.d. n.a.
Corn steep liquor 34.54 ± 0.24a,b 5.67 ± 0.05a 6.30 ± 0.09a 1.77 ± 0.04a 0.34 ± 0.01a n.a.
Corn molasses 35.49 ± 0.21a,b 0.31 ± 0.08a,b 6.60 ± 0.05a 501.72 ± 13.00c n.d. n.a.
Beet molasses 45.10 ± 0.68d 9.85 ± 0.04a,c 9.54 ± 0.34a,b 0.02 ± 0.02a,b n.d. n.a.
Sugar cane Molasses 1 34.58 ± 0.13a,b 0.06 ± 0.00a,b 5.77 ± 0.06a 78.09 ± 1.25b n.d. n.a.
Sugar cane Molasses 2 36.23 ± 0.43a,b 0.02 ± 0.02a,b 6.26 ± 0.15a 37.66 ± 1.57d n.d. n.a.
Apple pulp 41.82 ± 1.46c,d 0.12 ± 0.01a,b 7.69 ± 0.34a 5.8 ± 0.39a < 2.00b 14.95 ± 0.53*
Cheese whey 39.35 ± 0.13a,c 1.62 ± 0.03a 6.56 ± 0.02a 0.10 ± 0.00a 0.32 ± 0.03a n.a.
Vinasses 1 35.57 ± 0.60a,b 4.31 ± 0.12a 6.94 ± 0.20a 1.14 ± 0.03a n.d. n.a.
Vinasses 2 34.91 ± 0.21a,b 2.08 ± 0.02a 6.05 ± 0.14a 7.87 ± 0.03a n.d. n.a.
Vinasses 3 36.61 ± 0.32a,c 4.27 ± 0.18a 7.02 ± 0.36a 1.02 ± 0.03a n.d. n.a.
Food waste 1 16.44 ± 1.12d,e 22.88 ± 3.82d 5.57 ± 1.20a,c n.a. n.a. n.a.
Food waste 2 15.87 ± 0.30d,e 30.06 ± 0.12d 7.25 ± 0.21a n.a. n.a. n.a.

* Retrieved from Pereira et al. [37]

Table 3 
Elemental analysis to determine the concentration of each nutrient (mM) by ICP, 
except for nitrogen (* Product datasheet values). n.d. - not detected. n.a. – not 
applicable.

Element Food Waste 1 Food Waste 2 Corn molasses

P 369.06 1377 4.9719
K 669.11 0.3877 0.4427
Na 16.573 3.0666 24.446
Mg 0.2115 0.0930 0.0144
Ca 0.0631 0.0996 0.0087
Cu 0.0002 0.0002 0.0002
B 0.0102 0.1380 0.0028
Zn 0.0023 0.0017 n.d.
Mn 0.0075 n.d. n.d.
Mo 0.0003 0.0003 0.0002
Ni n.d. n.d. n.d.
Fe 0.0193 0.0097 0.0014

Table 4 
Biomass productivity (rp), growth rate (µ), maximum DW (Xmax), and protein 
content of Chlorella vulgaris 7Y, compared in 250-mL Erlenmeyer flasks. 
Different letters indicate statistical differences between using the standard 
glucose and corn molasses for each response.

Condition
rp (g L¡1 

d¡1) µ (d¡1)
Xmax (g 
L¡1) Protein (%)

Standard 
glucose 1.93 ± 0.10a 1.05 

± 0.01a
7.30 
± 0.35a

35.08 
± 0.70a

Corn molasses
2.40 ± 0.28a 1.09 

± 0.03a
9.06 
± 1.02a

38.26 
± 1.53a
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carbon sources might be replaced by glucose with organic certification. 
However, it entails increasing production costs around 3-fold. This 
change would enable this microalgal biomass with organic certification, 
since the remaining reagents of the WM-medium formulated in this 
study also hold this certification.

Interestingly, a recent study screened several by-products as poten
tial alternative carbon sources to cultivate Chlorellaceae and Scene
desmaceae microalgae [49]. These authors reported comparable 
maximum growth rates (1.44 d− 1) and biomass productivities, when 
glucose was replaced by peppermint or liquorice candies manufacturing 
residues and presented a preliminary evaluation that would allow to 
reduce the operational costs by up to 85.6 % [49]. However, these tests 
were carried out to a maximum volume of 2 L and the other essential 
nutrients were provided through inorganic reagents.

3.2.2. Comparison of growth performance with inorganic optimised 
medium vs waste-based medium

The yellow C. vulgaris 7Y strain was cultivated with media with 
different compositions, namely, IM-medium, WM-medium and WM- 
medium supplemented with Ni, aiming to compare the growth perfor
mance and protein content of the produced biomass, in shake flask as
says (Fig. 1).

Regarding growth performance, there were no significant differences 
among the conditions tested, neither for biomass productivity and 
growth rate, which was 2.7–2.8 g L− 1 d− 1 and 1.3 d− 1, respectively. 
Additionally, by the end of the trial, glucose was exhausted in the three 
conditions, while ammonium final concentration was lower in the IM 
condition, 20.0 ± 0.2 mM and higher in the WM and WM + Ni condi
tions, 28.6 ± 0.5 and 30.1 ± 1.6 mM, respectively. The IM condition led 
to a protein content of 50.2 ± 0.8 % of DW by the end of the trial, a 
slightly but significantly lower content than what was achieved under 
the WM and WM+Ni conditions (53.7 ± 0.5 and 54.2 ± 0.2 % of DW, 
respectively). Pleissner et al. [50] reported a lower growth rate of 1.1 
d− 1 and a protein content of 13.1 % DW, with C. pyrenoidosa cultivated 
with a different food waste-based medium.

There are few reports of using food waste to cultivate Chlorella sp. In 
autotrophic conditions, maximum DW of 0.86 and 1.7 g L− 1 have been 
achieved by C. vulgaris with food waste digestates [51,52]. Under het
erotrophic conditions, Pleissner et al. [50] reported a growth rate of 1.1 
d− 1 and a maximum DW of 20 g L− 1 achieved with C. pyrenoidosa 
cultivated with a food waste hydrolysate, obtained by fungal hydrolysis 
of fresh rice, noodles, meat and vegetables collected from canteens, and 
subsequent centrifugation and filtration. This hydrolysis led to a re
covery of 31.9 g glucose, 0.28 g free amino nitrogen, and 0.38 g phos
phate per 100 g of food waste, while Lau et al. [53] attained 95.8 g L− 1 

glucose, 0.8 g L− 1 phosphate, 1.5 g L− 1 of free amino nitrogen and 
21.1 mg L− 1 nitrate in the final hydrolysate, with a similar process 

applied to bakery and food wastes. These authors reached 4 g L− 1 of 
DW, with a growth rate of 0.8 d− 1 with C. vulgaris. Zheng et al. [54]
achieved a similar DW of 4.7 g L− 1 with a university’s cafeteria food 
waste hydrolysate, but with C. sorokiniana. More recently, Marques et al. 
[36] tested several food wastes, coming from fruits, vegetables, dairy, 
bakery, meat, and fish, but with high C contents, between 32 % and 
40 %, and low N contents, around 1–2 %, on the contrary of the food 
wastes tested in this work. These authors reported the highest growth 
rate, 0.82 d− 1 with for C. vulgaris, with a food waste obtained by sol
ubilisation of strawberry, pear, mango, banana, tomato, lettuce, pepper, 
liquid and solid yogurt and bread wastes and subsequent sedimentation 
and decantation. Furthermore, the glucose concentration of the latter, 
around 42 %, was not affected by pre-treating the food waste through 
autoclaving, conventional heating and ohmic heating.

A review of these results, as well as cultivation of C. vulgaris with 
other sidestreams, was carried in Table S2 (Supplementary Material).

Thus, at this scale, the WM-medium formulation was validated, and 
it was concluded that no Ni supplementation was required. For 
C. vulgaris, similar ranges of biomass productivity under heterotrophic 
conditions have been reported at this scale, ranging from 0.15 to 
3.23 g L− 1 d− 1 [12,55]. Concerning protein content, in heterotrophic 
conditions, a wide range of values (from 20 % up to 64 % DW) have also 
been reported for this species [21,53,56], as reviewed by Trovão et al. 
[10].

3.2.3. Process validation and scale-up
Considering the previous results, strain 7Y was cultivated under IM- 

medium and WM-medium in fed-batch mode in 7-L reactors (Fig. 2), 
which was further scaled-up to 200-L reactors (Fig. 3). The values 
graphically represented in Fig. 3 are also summarized in Table S3
(Supplementary Material) and the growth curve, ammonium consump
tion and protein content throughout growth in the 200-L reactors are 
also displayed in Figure S1 (Supplementary Material).

The WM-based medium reached biomass productivity and growth 
rate similar to that of the IM-medium in the 7-L reactors trial, approxi
mately 14 g L− 1 d− 1 and 0.8 d− 1, respectively. While productivity 
increased by 5-fold compared to the Erlenmeyer flasks trials, the growth 
rate decreased considerably. Maximum DW of 105.7 ± 5.8 and 76.0 
± 7.6 g L− 1 were attained around day 6, with the IM-medium and WM- 
medium, respectively. However, WM-medium appears to have slowed 
down the growth on day 5, possibly by depletion of some nutrient(s), 
namely N as it is possible to observe in Fig. 2 by the exhaustion of 
ammonium, which explains the lower growth rate attained. Neverthe
less, the biomass productivity increased due to the high cell 

Fig. 1. Growth curves of C. vulgaris yellow strain 7Y, cultivated heterotrophi
cally in 250-mL Erlenmeyer flasks for 4 days with the inorganic optimised 
medium (IM), waste-based medium (WM) and waste-based medium supple
mented with Ni (WM + Ni), at the same concentration of IM. Dashed lines 
represent ammonium consumption and solid lines represent dry weight 
throughout time. Results are shown as mean ± SD, n = 3.

Fig. 2. Growth curves and protein contents throughout growth of Chlorella 
vulgaris yellow strain 7Y, cultivated heterotrophically in 7-L bench-top reactors 
with the inorganic optimised medium (IM) and waste-based medium (WM). The 
dashed line represents ammonium consumption of the WM-medium throughout 
time. Between 3.7 and 4.7 days, an extra dosage of Food waste 1, equivalent to 
the quantity supplied by the beginning of growth, was added to increase the 
ammonium concentration in the medium. Results are shown as mean 
± SD, n = 3.
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concentrations reached in few days, which cannot be achieved at the 
Erlenmeyer scale since there are nutrients and oxygen limitations. 
Therefore, the N concentration in the feed solution of WM-medium was 
increased by 25 % for the 200-L trials, which allowed to increase 
biomass and protein productivities and growth rate up to 22.0 
± 3.1 g L− 1 d− 1, 6.3 ± 0.6 g L− 1 d− 1, and 1.0 ± 0.1 d− 1, respectively 
(Fig. 3). However, there were only significant differences concerning 
protein productivity (p < 0.05).

Additionally, it is possible that the absence of Ni affected growth at 
this scale, due to the high-cell concentrations achieved, compared to 
those obtained in the Erlenmeyer flasks trial. Though there are few 
studies about the role of Ni in microalgae, the essentiality of this metal 
has been pointed out, namely for C. vulgaris [57], by its role in the urease 
and hydrogenase metabolism and several nickel-containing enzymes 
have been identified in many microorganisms, namely the usage of this 
metal by phytoplankton for some enzymatic activities [58], [59]. In the 
future, it would be worth it to analyse all the concentrations of the 
remaining nutrients in the broth to find out if there is a need for further 
supplementation of specific elements, such as Ni, to further maximize 
growth.

Regarding protein, contents around 50 % were achieved at the 
Erlenmeyer scale, with maximum DWs of approximately 10 g L− 1, 
whereas at the 7 L and 200 L scale, protein contents around 40 % and 
30 % of DW were obtained (Fig. 2 and Figure S1 - Supplementary Ma
terial), respectively, which might be possibly explained by the shortage 
of N supply. Ammonium concentrations measured throughout growth in 
200-L reactors ranged between 40 and 3 mM, indicating that at these 
high growth rates and cell concentrations, it might be necessary to in
crease the concentration of N, either during growth or by the end of 
growth to maximize biomass productivity and protein content of the 
cells. Thus, it would be interesting to further study how N feeding could 
affect the growth and protein of the culture, and to test N over- 
compensation strategies, as suggested by Xie et al. [60].

To the authors knowledge, this is the first study that reported the 
growth of Chlorella, under heterotrophic conditions at an industrial 
scale, with a fully WM-medium. Other studies have reported cultivation 
with different sidestreams, such as sugarcane molasses and whey, 
reaching DWs ranging from 4 to 70.9 g L− 1, until benchtop reactors 
scale (maximum 5 L) [27,51].

Several factors should be further optimised in reactor cultivation, 
namely oxygen control, cultivation and feeding strategies, which will 
lead to higher biomass productivities and growth rates [14,21,60]. 
These optimisations should bring these values closer to the higher 
biomass productivities achieved with scale-up to 0.2- and 5-m3 reactors, 
reported by Barros et al. [21], between 27.5 and 31.9 g L− 1 d− 1. 
Nonetheless, these results are promising for this fully WM-medium 
under heterotrophic conditions, which also holds an organic certifica
tion if the glucose supplied is also certified, which is the first organic 

cultivation process reported for microalgae under heterotrophic 
conditions.

A techno-economic analysis was performed to compare the IM- 
medium and WM-medium and assess the feasibility of using this me
dium at industrial scale (Table S4 - Supplementary Material). The cost of 
the basal WM-medium is around 3-fold more expensive than the basal 
IM-medium, while the C source of the WM-medium is about half of the 
IM-medium. However, the N feeding of the WM-medium with food 
waste increases the costs considerably, comparing to the IM-medium. 
Nonetheless, the food wastes and antifoam used hold organic certifica
tions, which increases the price of these feedstocks, but also the market 
value of the products with this certification (around 25–35 % higher). 
Moreover, the WM-medium is a more sustainable product, which con
sumers value more and more nowadays. On the contrary, if the goal is to 
decrease production and commercialization costs of the final product, 
WM-medium might be adapted and the organic food wastes and anti
foam might be replaced by non-organic ones, that should bring the cost 
of this medium closer to the cost of the IM-medium. Finally, the cost 
estimation was carried out based on prices for industrial scale orders in 
the case of IM-medium, while for WM-medium was based on quotations 
for small scale orders, so the cost should be considerably lower since 
suppliers decrease costs considerably when larger volumes are ordered. 
Another interesting approach could be using the corn molasses as C 
source combined with the IM-medium, to decrease overall costs.

To further scale up this process, other challenges, as sterilising bigger 
volumes of the food wastes and corn molasses, need to be addressed. 
Since corn molasses is quite resemblant to standard glucose, namely 
regarding viscosity, it should be easy to adapt sterilisation protocols, as 
the high-temperature short-time (HTST) procedure, to sterilise this 
sidestream. Food wastes are likely to be more challenging to sterilise, 
given the higher organic matter content. However, it should be possible 
to sterilise these wastes, either in a vessel or also with a HTST equip
ment, if sterilisation volume and time are optimised.

4. Conclusions

A WM-medium was developed to cultivate a yellow C. vulgaris strain 
under heterotrophic conditions, based on food wastes, rich in nitrogen, 
and corn molasses, rich in glucose. This is the first fully waste-based 
medium that allowed the achievement of biomass productivity and 
growth rate comparable to the values attained with an inorganic-based 
medium. Moreover, the biomass and protein productivities were further 
increased, reaching up to 22.0 ± 3.1 g L− 1 d− 1, 6.3 ± 0.6 g L− 1 d− 1, 
when the process was scaled up to 200-L reactors, reaching values close 
to the highest productivities reported for this species. Additionally, the 
WM-medium was formulated with organic products, which means the 
microalgal final product might hold an organic certification if the 
glucose supplied is certified, reported for the first time under hetero
trophic cultivation conditions (to the authors knowledge). Overall, the 
process developed enables the reutilisation of these sidestreams, rich 
sources of nutrients that otherwise would be thrown away, and the 
production of food grade microalgal biomass.
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