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Abstract: This study presents an integrated strategy to optimize biofuel production from
Chlorella sorokiniana (CSO) and Chlorella vulgaris (CVU) by combining salt-induced stress and
thermal pretreatment. The microalgae were cultivated in anaerobic digestate effluent (ADE)
under stress and non-stress conditions to evaluate nutrient availability’s impact on biomass
composition. Salt stress significantly enhanced lipid accumulation, with CVU exhibiting a
51.6% increase. Thermal pretreatment of biomass at 90 °C for 10 h achieved the highest
methane yield (481 mL CHy/g VS), with CVU outperforming CSO. Milder pretreatment
conditions (40 °C for 4 h) were more energy-efficient for CSO, achieving a yield of 2.67%.
Fatty acid profiles demonstrated species-specific biodiesel properties, with CSO rich in
oleic acid (33.47%) offering enhanced oxidative stability and cold flow performance, while
CVU showed a higher polyunsaturated fatty acid content. This research highlights the
economic viability of using ADE as a low-cost cultivation medium and the potential for
scalable thermal pretreatments. Future research should focus on reducing energy demands
of pretreatment processes and exploring alternative stress induction methods to further
enhance biofuel yields. These findings offer valuable insights for tailoring cultivation and
processing strategies to maximize lipid and methane production, supporting sustainable
and economically viable dual biofuel production systems.

Keywords: microalgae (MA); anaerobic digestion effluent (ADE); biodiesel; C. sorokiniana;
C. vulgaris; biogas potential

1. Introduction

The pursuit of renewable and sustainable energy sources has accelerated research
into microalgae as promising biofuel feedstocks. Species such as Chlorella vulgaris (CVU)
and Chliorella sorokiniana (CSO) are valued for their rapid growth rates, adaptability to
diverse environments (e.g., wastewater), and nutrient-dense composition, making them
ideal candidates for bioenergy applications [1-3]. Besides biofuel production, microalgae
offer significant environmental benefits, including reduced competition for land with food
crops and bioremediation capabilities in wastewater treatment [2]. Despite their potential,
microalgal biofuel production faces several challenges, including high cultivation costs,
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low lipid yields under normal growth conditions, and energy-intensive harvesting and
pretreatment processes [4-9]. Furthermore, the robust cell walls of microalgae limit lipid
extraction efficiency, requiring innovative strategies to overcome these limitations and
improve biofuel recovery [10-12].

The conversion of microalgal biomass into biofuels is significantly challenged by the
presence of robust cell wall structures, composed of complex polysaccharides and polymers
such as cellulose, hemicellulose, and sporopollenin-like materials [13,14]. This structural
resilience, while beneficial for the organism’s survival, restricts microbial degradation and
nutrient accessibility, which are critical for biofuel recovery. Overcoming these barriers
requires specific pretreatment strategies to enhance solubilization of cell wall components,
thereby improving intracellular nutrient access and maximizing methane and biodiesel
yields [15].

Among biofuel production methods, methane production through anaerobic digestion
is a promising approach due to its ability to utilize microalgal biomass as a renewable sub-
strate [16,17]. The biochemical methane potential (BMP) test is widely used to evaluate the
efficiency of methane production, serving as a key indicator of bioenergy potential [18,19].

Factors such as the biochemical composition of microalgal biomass, pretreatment
techniques, microbial inoculum type, and substrate-to-inoculum (S/I) ratio play pivotal
roles in determining BMP (Biochemical Methane Potential) outcomes in anaerobic digestion
(AD). High protein and lipid contents in microalgae typically enhance methane production,
but a low carbon-to-nitrogen (C/N) ratio, common in microalgal biomass due to high
nitrogen content, can lead to ammonia production that inhibits methanogenic activity.
Co-digestion with carbon-rich substrates, such as food or agricultural waste, has proven
effective for balancing the C/N ratio, thereby improving both methane yield and AD
stability [20,21].

Pretreatment of microalgal biomass is crucial to improving BMP by increasing mi-
crobial accessibility to resilient cell wall components. Enzymatic pretreatments targeting
specific polymers, such as cellulase for cellulose and xylanase for hemicellulose, have
shown promise, enhancing methane yields by up to 15% [22,23]. However, while mechan-
ical and thermal pretreatments can also increase methane production, their high energy
requirements often limit practical application [24,25].

Moreover, selecting the appropriate microbial inoculum is essential for optimizing
BMP. Anaerobic inocula, specifically adapted for microalgal biomass degradation, demon-
strates improved BMP efficiency. Thermophilic conditions combined with inocula en-
riched with Clostridia and hydrogenotrophic methanogens can enhance hydrolytic and
methanogenic activity, reducing the need for energy-intensive pretreatments and empha-
sizing the importance of microbial adaptation for effective BMP [23,26].

A range of pretreatment methods, including thermal, chemical, enzymatic, and acid-
thermal techniques, have been evaluated to optimize microalgal biomass for biofuel pro-
duction. Thermal pretreatment at elevated temperatures is particularly effective, breaking
down complex cell wall components and releasing carbohydrates, leading to increases in
methane production by up to 108% under optimal conditions [25,27]. However, thermal
pretreatment alone may not fully disrupt cell walls in more resilient microalgae species,
prompting the use of supplementary chemical agents. For example, combining thermal
pretreatment with acidic or alkaline conditions selectively targets macromolecules like
proteins or carbohydrates, facilitating their degradation and increasing the availability
of fermentable sugars [20,28]. Acid-thermal pretreatment, which involves dilute sulfuric
acid at high temperatures, is effective in solubilizing carbohydrates, crucial for maximiz-
ing methane yields in anaerobic digestion and enhancing hydrogen production through
fermentation pathways [27]. Conversely, alkaline-thermal pretreatment improves protein
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solubilization and mitigates ammonia buildup during AD, preventing microbial inhibition
and enhancing methane output [28]. Optimized pretreatment conditions can increase
digestibility by up to 50% for CVU and by 21-27% for Scenedesmus sp., despite the latter’s
more resilient cell wall structure [20].

Thermal pretreatment is a critical step for enhancing the digestibility of microalgae
biomass, particularly for biofuel production. While elevated temperatures, often exceed-
ing 50 °C, have been widely studied, our approach intentionally explores lower ranges,
specifically around 40 °C, as a safe and effective step. This temperature range aligns
with mesophilic conditions and avoids the adverse effects of thermal denaturation while
stimulating endogenous enzymatic activity. Carrillo-Reyes et al. [29] demonstrated that en-
zymatic pretreatments, including hydrolytic microbial consortia, disrupt complex cell walls
efficiently without requiring high energy inputs. At 40 °C, specific biochemical changes are
induced, such as the activation of cellulase, hemicellulase, and protease enzymes, which
enhance the solubilization of carbohydrates, proteins, and lipids, facilitating microbial
access to substrates and improving methane yields [30,31].

Unlike traditional thermal pretreatments exceeding 50 °C, our study’s novelty lies in
optimizing methane yields by leveraging mesophilic and sub-mesophilic processes, such
as those at 20 °C and 40 °C. At 20 °C, biochemical pathways driven by natural microbial
processes allow slow but sustained hydrolysis while minimizing energy consumption,
offering a sustainable and cost-effective alternative [32]. Acid-thermal pretreatment, for
example, has been effective at solubilizing carbohydrates with dilute sulfuric acid, and
alkaline conditions mitigate ammonia buildup during anaerobic digestion (AD), improving
methane yields by 21-27% for resilient species like Scenedesmus sp. [25,27,33].

Innovative physical methods such as cold atmospheric-pressure plasma (CAPP) have
recently shown potential for enhancing lipid productivity and biodiesel yields. This
method uses ionized gas to create reactive species that penetrate the cell wall, increas-
ing lipid extraction efficiency without producing harmful residues. CAPP pretreatment
is an environmentally sustainable alternative to traditional chemical methods, aligning
with regulatory standards and supporting large-scale biodiesel production with minimal
ecological impact. Given its non-mutagenic nature, CAPP is particularly suitable for appli-
cations in closed-loop cultivation systems, where preserving microalgal genetic integrity is
essential [34].

Finally, optimizing pretreatment processes based on specific microalgal characteristics,
desired biofuel type, and economic constraints is critical. While intensive thermal and
chemical pretreatments enhance biofuel yield, they require substantial energy, potentially
offsetting biofuel gains [25,35]. Recent studies suggest that alternative, lower-energy
methods such as enzymatic or CAPP treatments, as well as hybrid approaches combining
thermal and non-thermal techniques, may reduce energy demands while achieving high
biofuel yields [34,35]. Salt-induced stress has emerged as a promising approach to enhance
lipid accumulation in microalgae [22-28]. Under high-salinity conditions, microalgae
experience osmotic stress, which alters cellular metabolism and diverts carbon flux toward
the synthesis of storage compounds, including lipids. This mechanism enables cells to
maintain osmotic balance and survive adverse conditions while simultaneously increasing
their lipid content, making salt-induced stress an effective strategy for optimizing biodiesel
feedstock [29,30]. Additionally, salt stress influences the fatty acid profile of microalgae,
often increasing the proportion of saturated and monounsaturated fatty acids, which are
ideal for biodiesel production due to their stability and combustion efficiency [24].

Church et al. [36] demonstrated that increasing salt concentration in synthetic saline
wastewater significantly reduced the growth rate of Chlorella vulgaris while enhancing its
total lipid content and altering its fatty acid profiles. Similarly, Rismani and Shariati [37]
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found that salt stress not only increased lipid content—including omega-3 fatty acids—
but also improved cell settling properties, which could benefit downstream processing.
Additionally, Li et al. [38] noted that in desert-adapted Chlorella sp. TLD6B, an optimal
level of salt stress (approximately 0.2 M NaCl) triggered a significant increase in lipid
accumulation, supported by transcriptomic evidence of upregulated genes involved in
fatty acid and triacylglycerol biosynthesis. Furthermore, two-stage cultivation strategies
that combine light and salt stress have been employed to further enhance lipid productivity
and stimulate the synthesis of additional high-value metabolites such as carotenoids and
antioxidants in CVU. Finally, Pandit et al. [39] highlighted that the effects of salinity are
multifaceted, impacting not only biomass yield but also the composition of fatty acids—
critical factors for biodiesel quality.

While these studies provide valuable insights into the impact of salt stress on algal
growth and lipid accumulation, our work advances the field by integrating salt-induced
stress with thermal pretreatment and utilizing anaerobic digestate effluent (ADE) as a nutri-
ent source. This innovative combination aims to enhance biodiesel and biogas production
while offering a sustainable solution by maximizing the value of waste streams.

This study evaluates the bioenergy potential of CSO and CVU cultivated in anaerobic
digestate effluent (ADE) through a combined approach of stress induction and thermal pre-
treatment. While salt-induced stress and heat pretreatment have individually demonstrated
their efficacy in enhancing lipid accumulation, their combined effects remain underexplored.
To address this gap, this research evaluates the synergistic effects of salt-induced stress and
heat pretreatment on lipid biosynthesis and methane yield, offering insights into optimizing
biofuel production. Specifically, this paper presents findings on (1) the effects of salt stress
induction as a stressor to promote lipid storage in both species, (2) the differential impact
of ADE concentrations on biochemical composition (lipids, proteins, and carbohydrates)
across species, and (3) the influence of various thermal pretreatment conditions on BMP.
By analyzing biomass composition, fatty acid methyl ester (FAME) profiles, and biogas
yields alongside energy balance assessments, this research underscores the effectiveness of
integrating stress and pretreatment strategies. The results reveal significant species-specific
responses, particularly in terms of lipid and methane yield optimization, emphasizing the
necessity of tailored strategies for maximizing biofuel outputs depending on the target
biofuel type and Chlorella species.

2. Materials and Methods
2.1. Experimental Design

This study assessed the bioenergy potential of CSO and CVU using ADE as a nutrient
source under varying cultivation and stress conditions. This study represents a contin-
uation of earlier studies [40] that established the feasibility of using ADE as a low-cost
nutrient medium for microalgae cultivation. Here, we extend that work by incorporating
salt-induced stress and thermal pretreatment to further enhance lipid accumulation and
optimize methane production, thereby integrating dual biofuel production from a single
feedstock. Based on those findings, we selected a lower ADE concentration (3% v/v) to
minimize ammonia toxicity and a higher concentration (5% v/v) to provide a richer nutrient
environment. Furthermore, the 5% ADE was split into two conditions—with and without
the addition of 0.2 M NaCl on Day 8—to assess the effects of salt-induced stress on lipid
accumulation and overall biomass composition. Although this design does not constitute
a full factorial optimization framework, it enabled us to assess the relative impacts of
these parameters on bioenergy production. Future work will employ a factorial design
and response surface methodology to model the interactions between variables and to
predict optimal conditions that maximize methane yield while minimizing energy input.
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Microalgae were grown in a 50 L photobioreactor under four conditions: BG-11 (control),
3% ADE, 5% ADE without stress (ADE5_nostress), and 5% ADE with salt-induced stress
(ADES5_stress, 0.2 M NaCl added on Day 8). The photobioreactor maintained controlled
conditions (25 °C, 7000 lux, 16:8 h light/dark cycle, CO, supplementation at 85 mL/min).
Pre-cultured inoculum (10% v/v, initial density ~4.5 x 10° cells/mL) was prepared in
BG-11 medium, while ADE was collected, diluted, and analyzed for nutrient composition
to mitigate ammonia toxicity. Biochemical analyses quantified proteins, carbohydrates, and
lipids. Lipid profiling using gas chromatography provided fatty acid methyl ester (FAME)
composition for biodiesel quality assessment.

The biochemical methane potential (BMP) of harvested biomass was tested via anaer-
obic digestion, with thermal pretreatment (40 °C or 90 °C for 4 or 10 h) applied only to
ADES_stress (where the highest lipid content observed) to evaluate its effect on methane
yields. Energy efficiency was calculated as the ratio of methane energy output to the
thermal pretreatment energy input, ensuring an optimal energy balance. This design inves-
tigated the effects of ADE as a nutrient medium, salinity stress on biomass composition,
and thermal pretreatment for optimizing bioenergy production, with statistical analyses
(ANOVA, Fisher’s LSD test, p < 0.05) used to identify significant species-specific responses.

2.2. Microalgae Strains and Pre-Cultivation Condition

CSO and CVU were used in the study. CSO was isolated from anaerobic digestate
effluent (ADE) of a IMW electrical production capacity biogas plant, BIOGAS LAGADA
S.A. (Kolchiko-Lagadas, Thessaloniki, Greece), and identified morphologically using a Zeiss
Axio Imager Z2 microscope (Carl Zeiss, Oberkochen, Germany). Genetic identification,
based on PCR amplification and sequencing of 185 rRNA and rbcL genes, confirmed its
close relation to CSO with 99% identity via GenBank database comparison (GenBank
No. KU948991). The CVU strain was obtained from the MicroAlgae Culture Collection
(TAU-MAC). Both strains were maintained in BG-11 medium, containing nutrients in
the following concentrations: (g/L) NaNOj3 (1.5), K;HPO,-3H,O (0.04), MgSO,-7H,0O
(0.075), CaCl,-2H,0O (0.036), citric acid (0.006), ammonium ferric citrate (0.006), Na,EDTA
(0.001), and NaCO3 (0.02); and (mg/L) H3BO3 (2.86), MnCl,-4H,0 (1.81), ZnCl; (0.222),
Nay;MoO4-2H,0 (0.391), CoCl,-6H,0 (0.05), and CuSO4-5H,0 (0.079). All reagents used
were of analytical grade and purchased from Sigma-Aldrich (St. Louis, MO, USA). All
nutrient solutions and glassware were autoclaved at 121 °C for 20 min (Witeg, WAC-P60,
Wertheim, Germany) to ensure sterility during the early growth stages. Methods were
performed as described by Psachoulia et al. [40].

2.3. Microalgae Cultivation in a Photobioreactor
2.3.1. Photobioreactor (PBR) Setup and Operation

A 50 L tubular photobioreactor (PBR) was designed and constructed from Schott glass
tubes (Schott AG, Mainz, Germany) for microalgae cultivation under artificial lighting.
The system comprises eight straight tubes, each 1.4 m in length and 61 mm in internal
diameter, interconnected by seven J-bend joints. The total illuminated surface area was
optimized to ensure uniform light distribution to the culture medium, with illumination
provided by cool white LED strips (6000 K, 11 W/m, i-WL LED, Germany) delivering
7000 lux under a 16:8 h light/dark photoperiod. Circulation within the PBR is achieved
using a Blau Reef Motion 8KDC pump (Blau Aquaristic, Barcelona, Spain), which provides
a maximum flow rate of 8000 L/h and ensures efficient mixing, maintaining turbulent
flow conditions (Re > 3000) for optimal light penetration and nutrient distribution. Carbon
dioxide was supplied at a controlled rate of 85 mL/min to support microalgal growth,
providing inorganic carbon and keeping pH below 8.5. The reactor is equipped with
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online monitoring sensors for pH, dissolved oxygen (DO), and temperature, connected to
a programmable logic controller (PLC) and a data logger. Temperature was maintained
constant at 25 °C throughout the experiments by an air-conditioner and an aquarium heater
of 50 W (Aquael Neoheater 50 W). Prior to experiments, the reactor was sterilized with
12% NaClO (technical grade). The system’s modularity, glass construction, and compact
design provide durability, ease of sterilization, and optimal conditions for high biomass
productivity in controlled laboratory settings.

2.3.2. Inoculum Preparation

Prior to photobioreactor inoculation, algae strains were cultured in Erlenmeyer flasks
(170 mL BG-11 medium, initial ODgyonm == 0.35) under controlled conditions. The cultures
were grown in a shaking incubator (GFL 3031, GFL Gesellschaft fiir Labortechnik mbH,
Burgwedel, Germany) at 110 rpm and 25 °C, with a continuous supply of atmospheric
air at 250 mL/min, passed through 0.2 pm filters. Additionally, 2.5 mL/min of CO, was
supplied using precision flowmeters (FL-3845G-HVR, Omega Engineering, Norwalk, CT,
USA). Cool white LED strips (6000 K, 11 W/m) provided 1200 lux illumination, measured
using a portable light meter (SP 200K, Sauter, Kern & Sohn, Balingen, Germany), ona 16 h
light/8 h dark cycle. After 18 days, biomass was harvested by centrifugation at 5000x g for
10 min and subsequently was used to inoculate the photobioreactor (10% v/v inoculum,
achieving an initial cell density of ~4.5 x 10° cells/mL) [40].

2.3.3. Nutrient Media Preparation and Composition

Approximately 30 L of ADE was collected in a plastic tank from the output stream of
a 1 MW electricity production biogas plant (BIOGAS LAGADA S.A., Kolchiko-Lagadas,
Greece) processing livestock waste. Samples were transported to the laboratory and imme-
diately centrifuged (5000 g, 10 min) using an Eppendorf 5810R refrigerated centrifuge
(Eppendorf Austria GmbH, Wien, Austria), and filtered (Whatman Inc., 150 mm diameter,
Grade 1, 11 pm pore size). Nutrient concentrations (N-NH4, N-NO3, TN, P-PO4, and COD)
were determined using standard HACH cuvette tests-kits and a UV-V spectrophotometer
(DR 3900, HACH, Loveland, CO, USA). Digestate elemental analysis was performed via an
Agilent 7850 ICP-MS, an Inductively Coupled Plasma Mass Spectrometer (Agilent Technolo-
gies, Santa Clara, CA, USA). To mitigate ammonia nitrogen inhibition, ADE was diluted
to 3% and 5% (v/v) with distilled water, as recommended by Collos and Harrison [41].
BG-11 medium was prepared as a control, and the nutrient compositions of the media are
summarized in Table 1.

Following the presentation of the physicochemical properties of the ADE batches
and their respective dilutions in Table 1, it is important to clarify the management of
the collected digestate and the nutrient replenishment strategy employed throughout the
experiments. A total volume of 30 L of ADE was collected for each experimental round
and subsequently divided into three 10 L portions, each serving as a replicate for the
preparation of the culture media. These 10 L portions were utilized to establish the initial
3% and 5% ADE concentrations within the 50 L photobioreactor. Prior to experimentation,
preliminary data from a collaborative project, partially published in this issue [42], guided
our nutrient management approach. For the 3% ADE cultures, an average total nitrogen
(N) consumption rate of 4.74 mg/L/day was anticipated, while for 5% ADE, a rate of
9.13 mg/L/day was expected. To maintain adequate nitrogen levels, we implemented a
replenishment strategy, adding approximately 60.45 mL of raw ADE every four days to the
3% ADE cultures and 116.5 mL to the 5% ADE cultures. Phosphorus (P) was also carefully
managed, with initial additions of KH2PO4 to achieve target P-PO4 concentrations of
12.1 mg/L (0.605 g total P added) for 3% ADE and 15.6 mg/L (0.78 g total P added) for 5%
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ADE. Subsequent P additions were made every 2 days for 3% ADE and every 3—4 days for
5% ADE cultures, respectively, based on observed consumption rates of 1.11 mg/L/day
and 1.3 mg/L/day. This ensured that neither N nor P became limiting factors. The
implemented strategy confirms that the 10 L ADE portions provided ample volume for
initial medium preparation, and the nutrient replenishment for each replicate throughout
the experimental period until Day 8, where salt was added to the culture medium.

Table 1. Nutrient media composition.

Composition (mg/L) ADE 3% ADE 5% ADE BG-11
N-NHy4 3536 + 36 107 £+ 1.08 1754 + 1.8 nd.!
N-NO; 92 £ 8.1 2.77 £0.24 4.6 =041 247.84

TN 3920 + 66 117.6 +£1.98 195 + 3.3 247.84
P 814458 2.14+0.17 4.2 +£0.29 5.50
Organic N 292 +21.9 7.83 + 0.68 15+1.1 n.d.
COD 24,200 4+ 153 726 4+ 4.59 1210 + 7.65 n.d.
Ca 369 + 3.1 11.07 £+ 0.09 18.45 4+ 0.16 9.81
Fe 54+ 14 1.62 + 0.04 2.71 +0.07 1.28
Mg 225+ 5.3 6.75 £+ 0.16 11.25 +£0.27 6.98
Mn 6.33 + 0.35 0.19 £ 0.01 0.32 +£0.02 0.50
Na 1884.6 + 4.5 56.54 + 0.14 94.23 + 0.23 212.28
Cl 1633.6 £ 5.9 49.01 +£0.18 81.68 + 0.3 18.02
K 3161 + 2.7 94.83 + 0.08 158.05 + 0.14 13.70
Cu 2+ 0.03 0.06 + 0.00 0.10 £ 0.00 0.02
EC 49.7 dS/m 2.17 dS/m 3.15dS/m n.a.?
pH 8.3 8.0 8.1 7.1

I n.d. = not detected, 2 n.a. = not available.

2.3.4. Salt Stress Treatment

Salt stress was induced in CVU and CSO cultures grown in 5% ADE to enhance lipid ac-
cumulation. On the 8th day of cultivation, sodium chloride (NaCl; Sigma-Aldrich, St. Louis,
MO, USA) was added to the cultures to reach a final concentration of 0.2 M (11.7 g/L), a
level shown to promote lipid biosynthesis while maintaining cell viability [43—46]. The
concentration of 0.2 M NaCl was selected based on previous studies that demonstrated
its effectiveness in triggering lipid accumulation without causing excessive cell lysis or
inhibiting growth. A pre-dissolved NaCl solution was uniformly mixed into the medium,
and electrical conductivity (EC) was measured using a portable conductivity meter (HACH
HQ40d) to confirm the target value of approximately 20 dS/m. Therefore, to raise the EC
of 1 L of 5% ADE (3.15 dS/m) to 20 dS/m, 10.78 g of NaCl were diluted into the medium to
induce the stress to initialize the lipid accumulation in the Chlorella species.

2.3.5. Biomass Harvesting

The microalgal biomass was harvested from the photobioreactor using a 0.4 um
ultrafiltration membrane (Kubota), which was immersed in a 5 L PMMA tank connected
downstream to the reactor system via a bypass pipeline. A peristaltic pump (Shenghen
LabV1, Shenghen pump yz1515x) was employed to draw the culture liquid through the
membrane. As the liquid passed through the membrane pores, the biomass was separated
from the medium and retained within the membrane vessel, effectively increasing its
concentration in the 5 L PMMA tank. The concentrated biomass was collected directly from
the membrane container via a discharge outlet located at the base of the tank, eliminating
the need for scraping and ensuring a non-invasive and efficient collection process. The
slurry was drained directly into collection containers. Subsequently, the harvested biomass
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was centrifuged at 5000 x ¢ for 10 min, filtered (Whatman Inc., Sanford, ME, USA, 150 mm
pore size), and stored at —20 °C for further analysis.

2.4. Thermal Pretreatment

To evaluate the effect of heat pretreatment on enhancing BMP, CSO, and CVU, under
“ADED5_stress”, cultivation conditions, the harvested samples were subjected to different
temperature-time combinations at 40 °C and 90 °C with exposure durations of 4 and 10 h
for each temperature. Heating was conducted in a shaking water bath (OLS-26, Grant
Instruments Ltd., Royston, UK), in 1000 ml Erlenmeyer flasks. The thermal pretreatment
conditions of 40 °C and 90 °C for durations of 4 and 10 h were chosen because 40 °C
reflects mesophilic conditions favorable for enzymatic activity during digestion, while
90 °C represents a commonly used threshold for effective cell wall [36], After pretreatment,
the biomass was cooled to room temperature and stored at 4 °C until further use [25,47].
Additionally, untreated control treatments for both CSO and CVU were performed at 25 °C
under ADES5 conditions with salt stress. These control values were used to normalize both
datasets for conducting the ANOVA.

2.5. Biomass Composition Analysis
2.5.1. Protein Determination

Protein content was extracted from 2 mg of freeze-dried biomass using 9.6 mL of 0.5 M
NaOH solution containing 5% methanol (v/v) and 0.4 mL of 0.05 M phosphate buffer [48].
The mixture was subjected to sonication in an ice bath for 10 min at 50% of the sonicator’s
maximum amplitude to ensure cell lysis and protein release. An additional 5 mL of NaOH
solution (0.5 M, 5% v/v MeOH) was added, and the sample was heated to 100 °C for 30 min
under continuous stirring. Protein content was quantified using a Micro-BCA kit (Thermo
Scientific, Waltham, MA, USA) and a microplate spectrophotometer (Mindray MR-96A,
microplate reader, Mindray Medical International Ltd., Shenzhen, China). A calibration
curve was generated using Bovine Serum Albumin (BSA) as the standard.

2.5.2. Carbohydrate Determination

2 mg of lyophilized algal biomass was treated with 1 mL of 2.5 M HCl and incubated
at 100 °C for 3 h under continuous stirring to hydrolyze polysaccharides, oligosaccharides,
and disaccharides into monosaccharides. The hydrolyzed solution was neutralized with
2.5 M NaOH and centrifuged. Carbohydrate content was measured using the phenol-
sulfuric acid method, where samples were treated with 1 mL of 1% (w/v) phenol solution
and 5 mL of 96% (w/w) sulfuric acid. Absorbance was measured at 483 nm (Lamda 35,
Perkin Elmer, Akron, OH, USA) [49]. A D-glucose calibration curve was used to calculate
carbohydrate concentration, expressed as glucose equivalents.

2.5.3. Lipid Determination

Lipid content was quantified using the Bligh and Dyer extraction method [50].
Lyophilized algal biomass (5 mg) was treated with a solvent mixture of methanol, chlo-
roform, and distilled water (2:1:0.8 v/v). The suspension was sonicated in an ice bath for
20 min at 50% amplitude (Vibra Cell VC-505, Sonics & Materials, Newtown, CT, USA).
After centrifugation, the solvent was collected. The extraction was repeated three times
to maximize lipid recovery. Subsequently, 3 mL chloroform, 3 mL methanol, and 2.7 mL
distilled water (2:2:1.8 v/v) were added to the solvent phase. The lower phase, containing
lipids, was separated, dried at 45 °C overnight, and weighed using a precision microbalance
(XP 105, Mettler Toledo, Greifensee, Switzerland) to determine the total lipid content.
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2.5.4. Fatty Acid Profile Analysis

Fatty acid contents were determined by gas chromatography (GC-FID) using a Shi-
madzu GC-2010 Plus High-End Gas Chromatograph (Shimadzu Europa GmbH, Duisburg,
Germany) equipped with a Flame Ionization Detector (FID) after lipid extraction by the
Soxhlet procedure [51]. The extracted fatty acids were trans-esterified in a methanolic
potassium hydroxide solution, and the FAME samples were analyzed. A Supelco SP2560
column (100 m x 0.25 mm X 0.20 um; Merck KGaA, Darmstadt, Germany) was used for
separation. Helium (grade 99.999%) was employed as the carrier gas at a flow rate of
2 mL/min. The injection volume was 1 pL with a split ratio of 1:20, and the injector and
detector temperatures were set at 250 °C. The temperature program was as follows: initial
oven temperature at 110 °C (7 min), increasing at 3 °C/min to 190 °C (2 min), followed by
a first step at 0.5 °C/min to 205 °C, a second at 5 °C/min to 230 °C (5 min), and a final
step at 5 °C/min to 240 °C, held for 5 min. The total run time was 82.67 min. Results
were identified using GC solution software by comparing certified reference material’s
(CRM47885, Supelco® 37 Component FAME Mix, Sigma-Aldrich) retention time peaks
with the r.t. peaks of samples. Fatty acid values, including SFA, MUFA, and PUFA, were
expressed as weight percentages (% of total FAs).

2.5.5. Volatile Solids (VS) Analysis

Initially, the sample was dried and weighed in a pre-dried and pre-weighed dish. The
dish with the sample was then ignited in a muffle furnace at 550 °C for 4 h. After ignition,
the dish was cooled in a desiccator to room temperature and weighed again. The difference
in weight before and after ignition represented the volatile solids content. This method
was based on the Fixed and Volatile Solids Ignited at 550 °C protocol according to APHA
2540-E [52].

2.6. Biochemical Methane Potential (BMP) Test

The biochemical methane potential was determined using a Bioprocess Gas Endeavour
AMPTS® III system (S/N: 1100-2100-5100-1235; BPC Instruments (Haining) Co., Ltd.,
Haining, China) following Bioprocess Control protocols. The system consisted of fifteen
500 mL Duran Schott bottles (400 mL working volume, 100 mL headspace) submerged in
a thermostatic water bath. Biogas production was measured volumetrically via a water
displacement method using a graduated cylinder connected to the bottle headspace via a
gas outlet. Teflon caps sealed each bottle. Our BMP experiments, conducted over 30 days,
revealed that the largest incremental increase in biogas production occurred between days
15 and 25, with methane yields stabilizing by approximately Day 25.

The substrate quantity added to each bottle was calculated using the following equation:

mtot x VSs
j = ISR X ——————

mi = ISR X G5 vss
where:
e m;: Mass of inoculum (g);
o myy: Total mass in the bottle (400 g);
e VS;: Volatile solids in the substrate;
e VS;: Volatile solids in the inoculum;
e  ISR: Inoculum-to-substrate ratio, defined as:

__ quantity of inoculum VS
~ quantity of substrate VS

ISR

This ratio followed the guidelines provided by the manufacturer [53].
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Bioreactors containing both inoculum and substrate (samples) and inoculum only
(blanks) were purged with nitrogen gas for 2 min to establish anaerobic conditions. The
bioreactors were then incubated in a thermostatic water bath at a mesophilic temperature
(40 °C) for 30 days. Biogas production was monitored daily.

Biochemical methane potential (BMP) is defined as the volume of methane produced
per unit amount of organic substrate material added to the reactor and can be expressed by

the following equation:

BMP = (Vs — Vi)
muvs, ss

where:

e Vs Accumulated volume of biomethane from the reactor containing the sample
(substrate and inoculum);

e V[ Volume of biomethane produced by the inoculum present in the sample bottle;

e mysss: Amount of organic material (substrate) contained in the sample bottle.

This equation quantifies the efficiency of methane production from the added organic
substrate material under the given experimental conditions.

2.7. Energy Output (kJ) Based on the Biogas Production Potential

The energy output (EE) was calculated using the formula:
E (kJ]) = BMP (L CH4/g VS) x VS (g) x Methane Energy Content (kJ/L)

Values for BMP and VS were derived from experimental data, while methane energy
content was taken as 35.8 kJ /L.

2.8. Energy Efficiency

Energy efficiency (%) was calculated by dividing methane energy output (ECH,4) by
pretreatment energy input (Epretreatment), then multiplying by 100, reflecting the balance
between produced energy and energy consumed, using the following formulas.

ECH,4

Energy Efficiency (%) = Epretreatment x 100

where ECHy: Energy output from methane production, calculated as:
ECHy = BMP (L CH4/g VS) x VS (g) x Methane Energy Content (kJ/L)

Energy input (pretreatment):
Epretreatment: Energy input for heating the biomass suspension, calculated as:

Epretreatment =p X CP X (Ttarget - Tambient) xV

where p is the density of the suspension (1 kg/L), Cp is the specific heat capacity of water
(418 KkJ/kg °C), Ttarget is the pretreatment temperature, T, pient is the ambient temperature
(25 °C), and V is the biomass volume (L). This calculation quantifies the balance between
methane energy output and pretreatment energy input [54].

Energy Output

Energy Output (k]) was calculated based on the biogas production potential

The energy output (EE) was calculated using the formula:

E (kJ) = BMP (L CH4/g VS) x VS (g) X Methane Energy Content (kJ /L)
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Values for BMP and VS were derived from experimental data, while methane energy
content was taken as 35.8 kJ /L.

2.9. Statistical Analysis

To ensure the robustness and reliability of our findings, all experiments were con-
ducted with three independent biological replicates (rn = 3). This involved dividing the
initial 30 L of digestate into three equal portions (10 L each) and using each portion to estab-
lish a separate culture for each treatment condition. Each experiment was then performed
three times using these independently established cultures. Descriptive statistics, including
mean, median, standard deviation, and relative standard deviation, were calculated using
Minitab v22 and MS Excel. ANOVA was employed to assess the effects of treatments,
species, and cultivation conditions on the measured parameters. Prior to ANOVA, the
assumptions of normality and homogeneity of variances were rigorously verified using the
Shapiro-Wilk test and Levene’s test, respectively. Fisher’s least significant difference (LSD)
test was subsequently used to identify significant differences (p < 0.05) among group means.
Significant differences identified by the LSD test are denoted by distinct letters within tables
and figures. This post-hoc test was selected due to its sensitivity in detecting treatment
effects without overly conservative adjustments for multiple comparisons, aligning with
its established use in similar microalgal studies [55]. Furthermore, Z-normalization was
applied to standardize the data across different experiments. This technique minimizes
variability stemming from extraneous factors and enhances the detection of genuine bio-
logical signals. Although commonly employed in high-throughput analyses like RNA-seq
and microarray studies, the principles of Z-normalization are equally valid for improving
comparative accuracy in studies such as ours [56,57].

3. Results and Discussion

3.1. Biochemical Composition of Microalgae Under Different Cultivation Conditions
3.1.1. Protein Accumulation

Analyzing protein content in CVU and CSO cultivated in BG11, ADE3 (3% anaer-
obic digestate effluent), ADES5_stress (5% ADE with stress), and ADE5_nostress reveals
distinct accumulation patterns influenced by species and environmental factors (Table 2,
Figure 1a,b). Under the nutrient-replete medium BG-11, protein content was notably high,
with CSO achieving 35.67% and CVU slightly higher at 39.40%, reflecting inherent dif-
ferences in protein synthesis capacity, with CSO possibly adapted to utilizing organic
nitrogen from digestate [58]. In ADE3, CSO exhibited an increase in protein content
(39.80%) compared to BG11, reflecting enhanced nitrogen assimilation efficiency from
ADE. In contrast, CVU protein content decreased slightly to 35.33% compared to BG11,
suggesting species-specific differences in nitrogen utilization from ADE’s complex nutrient
profile. This indicates that ADE’s nutrient composition may stimulate protein synthesis
more effectively in CSO, possibly due to its better adaptation to organic nitrogen utiliza-
tion [59]. In ADE5_nostress, protein content decreased for both species compared to BG11,
with CVU at 29.70% and CSO at 28.83%. This reduction indicates potential inhibitory
effects at higher ADE concentrations, such as ammonia toxicity or nutrient imbalances.
These findings highlight the limitations of nutrient assimilation in both species under
non-stressed ADE5 conditions, suggesting that the nutrient profile of ADE5 may not suffi-
ciently support optimal protein synthesis at higher concentrations. Under ADE5_stress,
both species experienced significant protein reduction (CVU to 13.00%, CSO to 31.63%),
attributed to stress-induced redirection of resources towards lipid accumulation, a survival
strategy under nitrogen starvation [60-62]. However, CSO maintained higher protein
content, suggesting greater stress resilience.
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Figure 1. Protein accumulation (%) in (a) C. sorokiniana and (b) C. vulgaris, carbohydrates accumu-
lation (%) in (c) C. sorokiniana and (d) C. vulgaris, lipids accumulation (%) in (e) C. sorokiniana, and
(f) C. vulgaris cultivated in different media (BG11, ADE3, ADE5_stress, ADE5_nostress) over 18 days.
Error bars represent standard error of triplicate measurements.
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Table 2. Mean values of proteins, carbohydrates, and lipid content of Chlorella sorokiniana and Chlorella

vulgaris under different cultivation conditions.

Cultivation Conditions Proteins (%) Carbohydrates (%) Lipids (%)
CSO BG11 3567 +4.01 ab? 31.70 £ 83a 1637 + 1.8 ¢
CSO ADE3 39.80 + 3.6 a 1925+ 1.0b 2407 +1.6d
CSO ADE5_stress 31.63 + 1.4 be 15.40 + 0.7 be 36.67 + 1.1 be
CSO ADE5_nostress 2883 +1.2c¢ 3257 +05a 22.00+0.7d
CVU BG11 3940+ 1.0a 29.82+25a 16.37 + 1.8 ¢
CVU ADE3 35.33 + 1.3 ab 12.13 + 1.8 ¢ 3753 +04b
CVU ADES5_stress 13.00 £1.0d 20.37 +55b 5157 +14a
CVU ADE5_nostress 29.70 + 4.3 be 19.81 +55b 34.87 + 0.7 ¢
Mean 31.67 22.63 29.93
LSD3 6.00 6.27 2.08

I Standard deviation (1 = 3). 2 Mean values with significant differences indicated by distinct letters (p < 0.05)
according to LSD test. 3 LSD = least significant differences value at (p < 0.05).

3.1.2. Carbohydrates Accumulation

Analyzing carbohydrate content in CVU and CSO cultivated in BG11, ADE3 (3%
anaerobic digestate effluent), ADE5_stress (5% ADE with stress), and ADE5_nostress (5%
ADE without stress) reveal distinct accumulation patterns influenced by species-specific
metabolism and environment (Table 2, Figure 1c,d). These variations reflect the balance be-
tween carbon allocation for carbohydrate storage, lipid biosynthesis, and protein synthesis,
modulated by nutrient availability and stress. In BG11, CSO exhibited higher carbohydrate
content (31.7) than CVU (29.82%), suggesting inherent metabolic variations, potentially
prioritizing carbohydrate storage under nutrient-rich conditions [63]. CVU carbohydrate
content decreased (12.13%) compared to CSO (19.25%), suggesting differential ADE nutri-
ent utilization, possibly due to varied organic carbon assimilation efficiency or inhibitory
compounds [64,65]. In ADE5_nostress, CSO carbohydrate content increased significantly
to 32.57% compared to BG11 (31.70%), indicating that higher ADE concentrations without
stress favor carbohydrate accumulation in CSO due to increased organic carbon availabil-
ity [66,67]. However, for CVU, carbohydrate content in ADE5_nostress (19.81%) remained
lower than in BG11 (29.82%), reflecting species-specific differences in response to ADE
conditions. Under ADES5_stress, CVU carbohydrate content decreased (20.37%), potentially
prioritizing lipid accumulation under stress [68-71], while CSO remained relatively stable
(15.40%), possibly demonstrating stress resilience [63].

3.1.3. Lipids Accumulation

Analyzing lipid production in CVU and CSO cultivated in BG11, ADE3 (3% anaero-
bic digestate effluent), ADE5_stress (5% ADE with stress), and ADE5_nostress reveals a
complex interplay between species-specific metabolism and environmental factors (Table 2,
Figure le,f). In BG11, both species showed similar lipid contents (16.37%), suggesting
comparable lipid biosynthesis capacities under optimal nutrient conditions [72].

However, in ADE3, CVU exhibited a marked increase in lipid content (37.53%), com-
pared to BG11 (16.37%), demonstrating ADE’s stimulatory effect on lipid biosynthesis,
likely due to its rich organic carbon and nutrient profile [73,74]. CSO also showed increased
lipid content in ADE3 (24.07%), but less pronounced than CVU, possibly due to inherent
metabolic differences and adaptations to nutrient environments. Increasing ADE concentra-
tion to 5% without stress (ADE5_nostress) slightly decreased lipid content in CVU (34.87%),
suggesting potential inhibitory effects of higher ADE concentrations in the absence of
stress [64], possibly due to accumulated inhibitory compounds or a suboptimal nutrient
balance. In contrast, CSO in ADE5_nostress accumulated 22.00% lipids, still lower than
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CVU. Under ADES5_stress, CVU lipid content increased dramatically (51.57%), highlighting
stress-induced effects such as salt stress redirect metabolic flux towards lipid accumulation
as a survival mechanism [70,72]. CSO showed a moderate increase under stress (36.67%),
significantly lower than CVU, potentially reflecting a different stress response or adaptation
to the ADE environment [63,65], possibly prioritizing other survival mechanisms [75]. This
study demonstrates that salt-induced stress significantly enhances lipid accumulation in
C. vulgaris (CVU) by up to 51.57%, a level that outperforms many alternative methods
reported in the literature. For example, nitrogen starvation, a widely studied stressor, typi-
cally increases lipid content in Chiorella species by 30-45%. These observations align with
literature highlighting nitrogen starvation as a key trigger for lipid accumulation [70,72]
while acknowledging species-specific tolerances and adaptations to stress [75].

The increased lipid accumulation observed in Chlorella vulgaris (CVU) under salt stress
is mainly due to metabolic adjustments triggered by osmotic and oxidative stresses. These
adjustments enhance the biosynthesis and accumulation of lipids, particularly triacylglyc-
erols (TAGs). High salinity creates an osmotic imbalance, causing algal cells to redirect their
metabolic pathways toward lipid production, which serves as protective energy reserves
and helps maintain cell integrity under stress. Under osmotic stress, CVU reallocates
carbon to lipid synthesis to uphold cellular integrity and functionality. Salinity has been
shown to trigger specific metabolic pathways linked to fatty acid biosynthesis, resulting
in elevated levels of triacylglycerols, which act as energy storage compounds vital for cell
survival under stress conditions. Furthermore, transcriptomic analyses of salt-stressed
Chlorella sp. have revealed the upregulation of genes involved in lipid biosynthesis path-
ways, such as acetyl-CoA carboxylase (ACCase), ketoacyl-ACP synthase II (KAS II), and
glycerol-3-phosphate dehydrogenase (GPDH), which play a direct role in triacylglycerol
(TAG) synthesis [38,39].

Studies supporting these findings have shown a significant increase in saturated
and monounsaturated fatty acids under elevated salinity conditions, indicating a shift
toward more stable lipid molecules suitable for biofuel production [76]. Specifically,
Pandit et al. [39] reported increased production of palmitic and oleic acids under higher
salinity, both essential components for biodiesel.

Therefore, the lipid accumulation under salt stress observed in CVU is a survival adap-
tation mechanism, optimizing its metabolism for cellular protection and energy storage.

3.1.4. Impact of Media and Stress on Biochemical Profiles of Chlorella

The composition of cultivation media plays a pivotal role in shaping the biochemi-
cal profiles of CSO and CVU, with distinct impacts on protein, carbohydrate, and lipid
accumulation. These differences directly influence the suitability of biomass for bioenergy
production. Nutrient-rich conditions in BG-11 favored protein and carbohydrate synthe-
sis, supporting growth-oriented metabolic pathways, as observed in previous studies by
Yadav et al. [77], Morowvat and Ghasemi [78], Dahiya et al. [79], and Singh et al. [80]. Fur-
thermore, the low lipid levels observed in both species (16.37%) align with the findings of
Vishwakarma et al. [81], who reported that BG-11 medium supports high carbohydrate
and protein production in Chlorella species while limiting lipid accumulation due to its
nutrient-replete nature. In contrast, ADE3 stimulated moderate lipid accumulation while
maintaining high protein levels, showcasing its potential as a nutrient source for balancing
the growth and storage of macromolecules. In this study, ADE3 supported a protein con-
tent of 39.80% in CSO and 35.33% in CVU, alongside moderate lipid accumulation (CSO:
24.07%, CVU: 37.53%), emphasizing its suitability as a balanced nutrient medium. These
findings align with Zhang et al. [82], who found that using diluted anaerobically digested
kitchen waste facilitated optimal biomass production in Chlorella sorokiniana, with lipid
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accumulation ranging from 30.27% to 41.69%, highlighting the nutrient-balancing effect of
ADE. In ADES without stress, CSO exhibited the highest carbohydrate content (32.57%),
highlighting its efficient carbon allocation toward carbohydrate storage in the absence of
stress. This aligns with findings by Magdaong et al. [83] and Chai et al. [84], who reported
stable carbohydrate content and enhanced carbohydrate storage in C. sorokiniana under
non-stress and nutrient-rich conditions. Zhu et al. [85] further observed increased starch
accumulation in C. sorokiniana with glucose supplementation under favorable conditions,
while Dahiya et al. [79] and Cecchin et al. [86] linked efficient carbohydrate storage to
upregulated carbon flux pathways in non-stress environments. These findings support the
results of this study, positioning C. sorokiniana as a strong candidate for carbohydrate-rich
biomass applications, such as bioethanol production. Under salinity stress (ADE5 with
stress), lipid biosynthesis became the dominant metabolic pathway, with CVU achieving
51.57% lipid content, surpassing CSO at 36.67%. This metabolic shift reflects a redirection
of resources from growth-oriented macromolecules to energy storage, positioning CVU
as a strong candidate for lipid-based bioenergy applications. These findings align with
previous studies demonstrating the role of salinity stress in enhancing lipid biosynthesis.
Zhang et al. [87] reported a 2.16-fold increase in lipid productivity in C. sorokiniana under
salinity stress due to carbon redistribution from starch to lipids, while El-Adl et al. [88]
observed increased lipid accumulation supported by elevated proline levels for stress
tolerance. Similarly, Yun et al. [89] found lipid content in C. vulgaris increased from 12.7% to
24.5% under salinity stress, and Li et al. [90] identified upregulated fatty acid biosynthesis
genes under stress conditions. The superior lipid accumulation in CVU observed here
underscores its potential for biofuel applications, validating salinity stress as an effective
strategy to optimize lipid yields in microalgae.

These findings underscore the importance of tailoring cultivation strategies to media-
specific factors, such as nutrient availability, ADE concentration, and stress induction, to
optimize biomass composition for bioenergy yields. ADE’s organic carbon content and
nutrient profile, combined with stress-inducing conditions, create an ideal environment for
enhancing lipid productivity, especially in CVU. Additionally, species-specific adaptations
to nutrient and stress conditions, such as CSO’s resilience in maintaining protein and
carbohydrate levels, highlight the potential for integrating different Chlorella strains into
bioenergy systems to meet diverse production goals.

3.2. Fatty Acid Methyl Ester (FAME) Profiles

Analyzing the fatty acid methyl ester (FAME) profiles of CSO and CVU (Figure 2)
cultivated in 5% anaerobic digestate effluent (ADE5) without induced stress reveals insights
into their lipid composition and biodiesel production potential. FAME analysis reveals
variations in fatty acid profiles reflecting the influence of the growth medium on fatty acid
biosynthesis, which impacts biodiesel quality.

CVU exhibited significantly higher polyunsaturated fatty acid (PUFA) content (31.7%)
compared to CSO (15.4%), while CSO had a higher monounsaturated fatty acid (MUFA)
level (40.6%) and saturated fatty acid (SFA) content (31.6%) relative to CVU (33.7% MUFA
and 20.4% SFA). These differences underscore species-specific metabolic adaptations, with
CSO'’s higher MUFA and SFA content contributing to superior fuel stability, improved
combustion properties, and lower freezing points—key attributes for biodiesel quality.
In contrast, CVU'’s elevated PUFA levels suggest applications requiring enhanced oxida-
tive balance, though they may reduce fuel stability. Among individual fatty acids, CSO
showed significantly higher palmitic acid (C16:0, 29.1%) and oleic acid (C18:1, 33.5%) levels,
both essential for biodiesel stability and performance. Conversely, CVU demonstrated
greater proportions of linoleic acid (C18:2, 19.1%) and linolenic acid (C18:3, 12.7%), which
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enhanced its PUFA dominance. Stearic acid (C18:0) levels were slightly higher in CVU
(2.5%) compared to CSO (1.9%), and CVU also contained a greater diversity of minor fatty
acids (1.3%) compared to CSO (0.6%). These differences suggest ADES5 influences fatty
acid biosynthesis pathways, likely due to its complex nutrient environment compared to
standard media [91].

Chlorella vulgaris & Chlorella sorokiniana - Fatty Acid Methyl Ester (FAME) (%)
PUFA (Sum of Polyunsaturated Fatty Acids) — e ) 317
MUFA (Sum of Monounsaturated Fatty Acids)
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Figure 2. Fatty Acid Methyl Esters (FAMESs) profile of C. vulgaris and C. sorokiniana cultivated in
5% ADE. Values represent the percentage composition of each fatty acid methyl ester. Error bars
represent the standard error of triplicate measurements.

The higher SFA content in CSO might enhance membrane stability or energy storage,
while higher PUFAs in CVU could relate to membrane fluidity or stress response [92].
Comparing these findings with studies on other Chlorella species grown under different
conditions [93,94] highlights variations in FAME profiles, emphasizing the influence of culti-
vation conditions (e.g., heterotrophic vs. photoautotrophic) and species-specific metabolism
on fatty acid biosynthesis [61,93]. The observed FAME profiles impact biodiesel properties.
Higher SFAs in CSO suggest increased biodiesel stability but potentially higher viscosity
and cloud point. Higher PUFAs in CVU could improve cold flow but compromise oxidative
stability, possibly necessitating antioxidants. The higher oleic acid in CSO benefits both
stability and cold flow. Further analysis is needed to determine if the biodiesel produced
meets standards like EN 14214 or ASTM D6751 [95]. Optimizing FAME composition
could involve exploring different extraction methods [96], manipulating growth condi-
tions [61,93], and potentially genetic modification. Further research into the mechanisms
by which ADES influences fatty acid biosynthesis, including gene expression analysis
and nutrient component impact, and exploring interactions within the ADE5 microbial
community, would enable tailored lipid composition for optimal biodiesel production.

3.3. BMP: Influence of Anaerobic Digestate Effluent and Stress

Analyzing the biochemical methane potential (BMP) of CVU and CSO cultivated in
different media—BG11 (control), ADE3 (3% anaerobic digestate effluent), ADE5_stress
(5% ADE with stress), and ADE5_no stress (5% ADE without stress)—reveals distinct
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patterns influenced by species, nutrient availability, and stress responses (Table 3). BMP, a
key indicator of bioenergy potential, reflects the interplay between biomass biochemical
composition (carbohydrate, protein, and lipid content) and anaerobic digestion efficiency.

Table 3. Biogas production (mL(biogas)/gVS) of Chlorella sorokiniana and Chlorella vulgaris under
different cultivation conditions.

Cultivation Conditions mL(biogas)/gVS

CSO BG11 407.14+20c!
CSO ADE3 3993 +£34d
CSO ADES5_stress 4183 £39b
CSO ADE5_nostress 4079 +5.1c¢
CVU BG11 4145+ 14Db
CVU ADE3 408.1 £ 0.6 ¢
CVU ADEDB_stress 4328 +24a
CVU ADES5_nostress 4092 £1.2c¢
Means 412.1
LSD 2 48

1 Means values (1 = 3) with significant differences indicated by distinct letters (p < 0.05) according to LSD test.
2 1SD = least significant differences value at (p < 0.05).

In BG11, CVU showed a slightly higher BMP (414.5 mL CHyg VS) than CSO (407.1 mL
CHug VS), suggesting similar methane production potential under optimal conditions,
potentially due to subtle differences in biochemical composition impacting biodegrad-
ability. This aligns with previous research on species’ biogas potential, with methane
yields ranging from 140 to 360 dm?/kg VS [97]. In ADES3, both species exhibited a de-
crease in BMP (CVU at 408.1 mL CHy/g VS and CSO at 399.3 mL CHy4/g VS) compared
to BG11, suggesting that even low ADE concentrations might introduce inhibitory com-
pounds or negatively alter biomass composition, potentially through ammonia or heavy
metal inhibition [98], or changes in substrate degradability due to the shift from defined
to complex organic media. The decrease in BMP for CSO in ADE3 (399.3 mL CHy/g
VS) is primarily due to a significant reduction in carbohydrate content (19.25%), which
limits the availability of readily degradable substrates for methane production. Addi-
tionally, the increase in protein content (39.80%) can lead to ammonia inhibition during
anaerobic digestion, further impacting BMP. Limited nutrient availability and potential
inhibitory effects of ammonia in ADE3 also contribute to this decline. A stark contrast
emerged under ADES_stress: CVU BMP increased substantially to 432.80 mL CHs/g VS
(highest among all treatments), while CSO BMP increased to 418.3 mL CH4/g VS. This
species-specific stress response highlights its impact on bioenergy potential. The BMP
increase under ADE5_nostress (407.9 mL CHy4 /g VS) can be attributed to the recovery of
carbohydrate content to 32.57%, which enhances methane yield, and a decrease in protein
content to 28.83%, reducing the risk of ammonia inhibition. Furthermore, the balanced
nutrient profile in ADE5 supports favorable biomass composition and improves digestion
efficiency, resulting in BMP levels closer to the BG11 control. The increased BMP in stressed
CVU could be due to stress-induced lipid accumulation [60,99], enhancing methane yield,
whereas CSO may prioritize different survival mechanisms over lipid accumulation under
stress. In ADE5_no stress, both CVU (409.2 mL CHy4/g VS) and CSO (407.90 mL CHy/g
VS) maintained BMPs similar to BG11, indicating that higher ADE concentration without
stress does not significantly affect bioenergy potential. The slight decrease in CVU might
be due to potential inhibitor accumulation or less favorable composition at higher ADE
concentrations, while CSO appears less sensitive to higher ADE without stress [40]. These
species-specific BMP differences under varying ADE conditions and stress could stem from
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distinct genetic backgrounds influencing biochemical composition, varying metabolic stress
responses (particularly lipid accumulation under salt stress), ADE composition (inhibitory
compounds and nutrient availability), and microalgae-microbial community interactions
in ADE impacting anaerobic digestion [100,101].

3.4. Impact of Thermal Pretreatment and Energy Efficiency of Thermal Pretreatment for Enhanced
Methane Production

Figure 3a,b present the biochemical methane potential (BMP) of CSO and CVU under
varying thermal pretreatment conditions and an untreated control, measured over 30 days.
For CSO, the results demonstrate that milder thermal pretreatment at 40 °C for 10 h (40_10)
achieved the highest BMP (472 mL CHy/g VS), surpassing treatments at 90 °C. This em-
phasizes that prolonged exposure to lower temperatures enhances biomass digestibility
more effectively than shorter treatments at higher temperatures, possibly due to sustained
enzymatic activity and gradual cell wall disruption. In contrast, for CVU higher tempera-
tures combined with longer durations (e.g., 90_10) significantly increased BMP to 481 mL
CHy/g VS, indicating greater cell wall disruption and intracellular substrate release under
these conditions. However, pretreatments at 40 °C (40_4 and 40_10) resulted in lower BMP
values of 380 and 387 mL CH4/g VS, respectively, compared to the control (415 mL CHy/g
VS). This could be attributed to the biochemical and structural composition of CVU'’s cell
wall, which may exhibit limited disruption under milder pretreatment conditions. Un-
like CSO, which shows enhanced enzymatic activity and gradual cell wall breakdown at
lower temperatures, CVU may require higher thermal severity to achieve effective cell
wall disruption and intracellular substrate release. Both species displayed increased BMP
during the initial days of the process, with gradual stabilization observed toward the end,
indicating similar digestion patterns despite differences in the effects of pretreatment.

Thermal pretreatment significantly influences both biochemical methane potential
(BMP) and the energy efficiency of anaerobic digestion using biomass using the ADE5
medium. Table 4 presents BMP and energy efficiency data under cultivation conditions
ADEDb5_stress for CSO and CVU subjected to different thermal pretreatment conditions
(40_4, 40_10, 90_4, and 90_10), compared to the untreated control. For C5O, BMP gener-
ally increased with increasing temperature and pretreatment time. Pretreatment at 40 °C
(40_4) resulted in a BMP of 407 mL CHy/g VS, similar to the control (407 mL CHy/g VS).
Extending the pretreatment time to 10 h (40_10) significantly enhanced BMP to 472 mL
CHy/g VS, indicating that longer exposure to mild heat can improve biomass digestibility.
At 90 °C, the 4-hour treatment (90_4) yielded 425 mL CHy/g VS, and a longer duration of
10 h (90_10) further increased BMP to 448 mL CHy/g VS. This suggests that higher temper-
atures promote more effective cell wall disruption and release of intracellular substrates,
although the magnitude of BMP enhancement might plateau with extended pretreatment
durations. The superior energy efficiency observed for CSO at 40 °C (2.67%) highlights the
potential of this low-energy approach, offering an optimized balance between methane
yield and energy input. These findings underscore the species-specific benefits of tailoring
thermal pretreatment parameters, particularly considering the energy savings and the
substantial improvement in BMP at milder conditions for CSO. CVU exhibited a different
response pattern. Pretreatments at 40 °C (40_4 and 40_10) resulted in BMP values of 380
and 387 mL CHy /g VS, respectively, showing less BMP improvement compared to CSO
and less than control (415 mL CHy4/g VS). However, 90 °C pretreatments significantly
enhanced methane production, reaching 474 mL CH4 /g VS (90_4) and 481 mL CH4/g VS
(90_10), indicating greater cell disruption and release of intracellular substrates. Similar to
CSO, energy efficiency decreased as the severity of pretreatment for CVU increased. While
40_4 had the highest energy efficiency (2.54%), likely due to low energy input, the 90_10
pretreatment showed the lowest energy efficiency (0.55%). This demonstrates the trade-off
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between higher BMP and reduced energy efficiency under severe pretreatment conditions.
For example, while 90 °C for 10 h (90_10) maximized BMP for CVU (481 mL CHy4/g VS), it
resulted in the lowest energy efficiency (0.55%), highlighting the significant energy cost
of severe thermal treatments. Conversely, milder pretreatment conditions (e.g., 40 °C for
4 h) achieved the highest energy efficiency (2.54%) for CVU but at the cost of lower BMP
(380 mL CH4/g VS). A similar pattern is observed for CSO, where the highest BMP (472 mL
CH4/g VS) at 40_10 involved a moderate energy efficiency trade-off (1.24%), compared
to the highest energy efficiency (2.67%) under 40_4. This aligns with literature suggesting
that algal species display diverse susceptibilities to thermal pretreatment, influencing their
methane production potential and energy requirements for cell disruption [102,103]. The
biochemical composition of each species and its alteration due to pretreatment also plays a
role in impacting methane yield [104]. The interaction between microalgae and the micro-
bial community during cultivation can further influence biomass digestibility and response
to thermal treatment, affecting methane production during AD [105]. Integrating energy
efficiency analysis alongside BMP assessment is crucial for selecting sustainable biogas
production strategies. This combined approach considers the economic and environmental
viability of microalgae-based biogas production by evaluating both methane yield and the
energy balance of the process. The observed trade-offs between BMP and energy efficiency
across different species and pretreatments suggest that a balanced approach is essential for
maximizing bioenergy production from microalgae. Further research on characterizing the
structural and biochemical changes due to thermal treatment, and their influence on micro-
bial communities during AD [98], is crucial for optimizing pretreatment conditions that
maximize both methane output and energy efficiency. By considering both the potential
methane yield and energy efficiency of different thermal pretreatments, we can develop
more sustainable and cost-effective biogas production strategies.

Table 4. Methane production and Energy Efficiency of CSO and CVU of ADES5 under different
thermal pretreatment conditions.

Cultivation BMP Energy Energy Energy
Conditions (mL biogas/gVS)  Input (kJ) Output (k])  Efficiency (%)

CSO 40 4 407 + 65¢e 250.8 14,570.6 2.67 +0.003 a 2
CSO 40_10 472 +25b 627.0 16,897.6 1.24 + 0.005 ¢
CSO90_4 425 +15d 1085.0 15,215.0 0.93 + 0.003 f
CSO90_10 448 +2.1 ¢ 2712.5 16,038.4 0.49 + 0.002 h
CVU 40 4 380 +32f 250.8 13,604.0 254+ 0.017 b
CVU 40_10 387 +£3.1f 627.0 13,848.6 1.01 + 0.007 e
CVU 90 4 474 + 36D 1085.0 16,969.2 1.03 + 0.006 d
CVU90_10 481 +8.0a 2712.5 17,219.8 0.55 + 0.002 g
Control. 25 380+ 19f . . 5
Means 434 1.31
LSD* - 0.01

1 Mean values (1 = 3) with significant differences indicated by distinct letters (p < 0.05) according to LSD after
Z-normalization. 2 Means values with significant differences indicated by distinct letters (p < 0.05) according to
LSD. 3 Untreated control presented as mean of both CSO & CVU, ADE5 with salt stress cultivated for both species
at 25 °C), and used for normalizing the datasets for the ANOVA. 4 LSD = least significant differences value at
(p < 0.05). 5 Energy efficiency cannot be calculated since 25 °C is used in the energy input formula (Section 2.8) as
the ambient temperature.
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Figure 3. Cumulative biogas yield over 30 days for ADE5 with salt stress in (a) sorokiniana and
(b) vulgaris. Control and thermal pretreatments at 40 °C and 90 °C for 4 and 10 h.

3.5. Economic Feasibility and Scalability of Implementation in Industrial Biofuel Production Plans

The combined use of salt-induced stress and thermal pretreatment optimizes biofuel
outputs from cultivating species, significantly enhancing lipid accumulation and methane
yields. Based on our laboratory-scale BMP assays, which show that maximum methane
production is achieved by Day 25, we propose that an optimal hydraulic retention time
(HRT) of approximately 25 days would balance complete digestion with minimized energy
input and operational downtime, thereby enhancing the overall economic viability of a
full-scale biogas production plant. Economically, the approach capitalizes on cost-effective
substrates such as ADE, reducing dependency on synthetic nutrients and integrating waste
valorization into the production process including waste heat from the cogeneration of
heat and power units (CHP) in typical biogas plants. This aligns with circular economy
principles, contributing to sustainability. However, scalability challenges arise in main-
taining consistent stress conditions and achieving energy-efficient thermal pretreatment.
While thermal pretreatment at higher temperatures boosts methane yields, energy inputs
may offset gains if not optimized. The energy efficiency of milder treatments demonstrates
potential but requires balancing against biofuel outputs. Industrial adoption would benefit
from modular photobioreactor designs and tailored stress and pretreatment protocols
suited for specific strains like CVU or CSO. Species-specific lipid and biodiesel profiles
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further necessitate targeted strategies to meet industrial quality standards. Investments
in pilot-scale testing, energy modeling, and integration with existing wastewater facilities
will determine economic viability. This method offers a scalable framework for industrial
biofuel systems with advancements in pretreatment technologies and energy efficiency
optimization. Lifecycle assessments are needed to comprehensively evaluate economic
and environmental impacts, considering factors such as land use, water footprint, and
greenhouse gas emissions. Ultimately, market demand for both biodiesel and biogas will
strongly influence the economic feasibility of large-scale implementation.

3.6. Economic Viability Analysis

Energy Input vs. Output: For CSO at 40 °C for 4 h, the thermal pretreatment requires
an energy input of 250.8 kJ, which costs approximately EUR 0.020 (using the EU average
price of EUR 0.2889/kWh, where 1 kWh = 3600 kJ). The corresponding methane energy
output is 14,570.6 k], valued at about EUR 1.168. This results in a net energy profit of
approximately EUR 1.148 per batch, with an energy efficiency of 2.67%. For CVU at 90 °C
for 10 h, the energy input rises to 2712.5 kJ (costing roughly EUR 0.217), while the output
is 17,219.8 k] (valued at about EUR 1.381). This yields a net profit of approximately EUR
1.164 per batch despite a lower energy efficiency of 0.55%.

Cost-Benefit Comparison: The milder condition (40 °C for 4 h) for CSO provides a
high net energy profit with minimal energy expenditure, making it economically favorable—
especially at small scales. Although the 90 C, 10 h treatment for CVU slightly increases the
net profit per batch, it requires approximately 10.8 times more energy input, which would
elevate operational costs if scaled up.

Benchmarking Against Literature: Our figures are in line with those reported by Wang
et al. [25], who noted that milder pretreatment conditions (40-60 °C) are more energy-
efficient, and by Mendez et al. [27], who observed that 90 °C pretreatments incur higher
operational costs. For instance, Wang et al. reported net profits in the range of EUR
1.00-EUR 1.20 per batch, which is comparable to our findings (EUR 1.148-EUR 1.164).

Scalability and Key Cost Drivers: Scaling to industrial volumes (e.g., 1000 L batches) is
expected to reduce the energy cost per unit due to economies of scale. For example, scaling
CSO at 40 °C for 4 h could lower energy input costs to around EUR 20 per batch versus
EUR 217 for the CVU 90 °C, 10 h condition. Thermal energy consumption (which accounts
for approximately 90% of pretreatment costs) and the use of ADE as a low-cost nutrient
source (reducing substrate costs by 30—40% compared to synthetic media) are the main
cost drivers.

The analysis confirms that the process is economically viable, particularly under
milder conditions (40 °C for 4 h), which offers a favorable balance between energy efficiency
(2.67%) and net energy profit (EUR 1.148 per batch) (Table 5). It is important to note that
these economic metrics are based on current EU energy prices (EUR 0.2889/kWh) and
laboratory-scale data. As the process is scaled up, economies of scale and further process
optimizations are expected to enhance both energy efficiency and net profit margins.

Table 5. Economic metrics per batch in Euros.

Cultivation Energy Input Energy Output .

Conditions (EUR) (EUR) Net Profit (EUR)
CS0O,40°C,4h EUR 0.020 EUR 1.168 EUR 1.148
CSO,90°C,10h EUR 0.217 EUR 1.381 EUR 1.164
CVU,40°C,4h EUR 0.020 EUR 1.168 EUR 1.148
CVU,90°C,10h EUR 0.217 EUR 1.381 EUR 1.164

(Energy cost in the EU in 2024 is EUR 0.2889/kWh; 1 kWh = 3600 kJ; Eurostat 2024).
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4. Conclusions

This study demonstrates that integrating salt-induced stress with thermal pretreatment
significantly enhances the bioenergy potential of Chlorella species cultivated in anaerobic
digestate effluent. Our results reveal that salt stress—applied at an optimal concentration of
0.2 M NaCl—induces a marked increase in lipid accumulation, while subsequent thermal
pretreatment further improves methane yields during anaerobic digestion. Notably, milder
thermal pretreatment conditions (40 °C for 4 h) achieve a superior balance between methane
yield and energy efficiency (2.67% for CSO and 2.54% for CVU) compared to harsher
conditions, which, although yielding slightly higher methane production, incur significantly
greater energy inputs.

The economic viability analysis reinforces these findings: under optimal conditions,
the net energy profit per batch is approximately EUR 1.15, with minimal energy expenditure.
This favorable cost-benefit balance is further enhanced using anaerobic digestate effluent as
a nutrient medium, which reduces cultivation costs by 30-40% relative to synthetic media
and promotes waste valorization in line with circular economy principles.

While our current study adopts a comparative design to evaluate discrete conditions,
future work will benefit from a full factorial optimization framework and response surface
methodology to systematically refine process parameters and develop predictive models
for both biodiesel and biogas outputs. Such studies will further enhance our understanding
of the trade-offs between methane yield and energy input, ultimately supporting the scaling
up of this integrated bioenergy production process.

In summary, our integrated approach—combining salt-induced stress, thermal pre-
treatment, and cost-effective nutrient sourcing—offers a promising pathway for sustainable
bioenergy production from microalgae. These findings provide a solid foundation for
scaling up the process, and further pilot-scale investigations will be critical for validating
its industrial applicability.
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