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Abstract

The integration of microalgal cultivation with wastewater streams offers a promising pathway to
enhance resource efficiency within circular bioeconomy frameworks. In this study, clarified
aquaponics sedimentation effluent was evaluated as a cultivation medium for producing
carbohydrate-rich Chlorella sp. biomass targeted for bioethanol feedstock applications. The nutrient
composition of the effluent was first characterised, followed by systematic optimisation of
wastewater dilution and light intensity under controlled laboratory conditions. Undiluted
aquaponics effluent supported robust algal growth without freshwater dilution, achieving
a maximum biomass concentration of 2.05 + 0.03 g L' under an optimal light intensity of
185 pumol m~2 s, representing a 78% increase compared with the conventional Bold’s Basal
Medium control. Carbohydrate accumulation was significantly enhanced in the
wastewater-grown biomass, reaching 40.71 + 2.14% of dry weight and resulting in a total
carbohydrate yield of 0.835 g L™1. Based on stoichiometric conversion, the corresponding
theoretical bioethanol potential (0.427 g L-!) was more than three times higher than that of
the control. In parallel, the system demonstrated strong bioremediation performance,
achieving nitrate and phosphate removal efficiencies of 96.6% and 97.3%, respectively, while
maintaining a more stable pH profile than the synthetic medium. These results indicate that
clarified aquaponics sedimentation effluent can simultaneously function as an effective
growth medium and a wastewater polishing stream.

Keywords: aquaponics wastewater; Chlorella sp.; carbohydrate-rich microalgae; bioethanol feedstock;
nutrient recovery; circular bioeconomy; wastewater valorisation

1. Introduction

The world is facing interconnected pressures arising from rapid population growth, increasing
urbanisation, rising energy demand, and growing water insecurity. Global primary energy
consumption has continued to increase over recent decades and is projected to rise further as
developing economies expand and standards of living improve (Dodangodage, Premarathne, et al.,
2025)(Mishra et al.,, 2021). Simultaneously, freshwater resources are under increasing stress due to
climate change, pollution, and inefficient use in agriculture and industry, with water scarcity
emerging as a critical global risk (Ingrao et al., 2023)(Banaduc et al., 2022). Addressing these coupled
challenges requires integrated solutions that enhance resource efficiency while minimising
environmental impacts.

Liquid biofuels such as bioethanol have been promoted as renewable alternatives to fossil-
derived transport fuels; however, many first- and second-generation bioethanol production
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pathways rely heavily on food crops and resource-intensive agricultural practices. Large-scale
ethanol production from corn, sugarcane, or other terrestrial feedstocks competes for arable land,
increases freshwater consumption, and can contribute to food price volatility and indirect land-use
change (Hirani et al., 2018)(Moonsamy et al., 2022). These limitations have driven increasing interest
in third-generation biofuel feedstocks that avoid food—fuel competition by utilising non-food
biomass, marginal resources, and low-quality water within circular bioeconomy frameworks
(Sadaqgat et al., 2025)(John et al., 2025)(de Abreu et al., 2025)

Microalgae have emerged as promising third-generation feedstocks for bioethanol and other
biofuels due to their rapid growth rates, high areal productivity, and ability to accumulate substantial
quantities of carbohydrates under suitable cultivation conditions(Sadaqat et al., 2025)(Sachin Powar
et al., 2022). Among various species, Chlorella sp. is particularly attractive because of its robustness,
tolerance to a wide range of environmental conditions, and proven capacity to synthesise
carbohydrate-rich biomass that can be hydrolysed into fermentable sugars (Mendes et al.,
2024)(Olguin et al., 2022). In addition to biofuel production, microalgal cultivation offers multiple co-
benefits, including nutrient recovery from wastewater, carbon dioxide sequestration, and the
generation of value-added coproducts that can improve overall process economics (Dodangodage,
Kasturiarachchi, et al., 2025a)(Geng et al., 2025)

Despite these advantages, the economic and environmental viability of algal biofuel pathways
is strongly influenced by the choice of growth medium and the extent to which cultivation can be
integrated into existing nutrient and water streams. The use of wastewater or effluents as culture
media has been widely reported as an effective strategy to reduce production costs, minimise
freshwater demand, and enhance sustainability through nutrient recycling(Dodangodage,
Kasturiarachchi, et al., 2025b) (Slade & Bauen, 2013)(Herrera et al., 2021). However, most existing
studies have focused on municipal wastewater, industrial effluents, or conventional aquaculture
waters in isolation. In contrast, the potential of aquaponics-derived effluents—particularly the
clarified overflow from sedimentation or clarifier units —remains insufficiently explored as a nutrient
source for carbohydrate-oriented algal biomass production (Bhuyar et al., 2021)(Hossain et al.,
2019)(Sydney et al., 2019)(Walls et al., 2019).

Aquaponics integrates recirculating aquaculture with hydroponic plant cultivation, creating a
resource-efficient food production system in which fish waste-derived nutrients support plant
growth while plants improve water quality for fish (Dodangodage, Kasturiarachchi, et al., 2025a)(Luz
et al., 2025)(Palm et al., 2024). To maintain system performance, aquaponic operations typically
employ solids removal and clarification processes that generate a continuous stream of clarified,
nutrient-rich effluent. This sedimentation effluent is characterised by elevated concentrations of
dissolved nitrogen and phosphorus, reduced suspended solids, and the presence of trace minerals,
making it a potentially suitable medium for microalgal cultivation(Dodangodage, Kasturiarachchi,
etal.,, 2025a) (Tetreault et al., 2021). Yet, this stream is often underutilised and discharged with limited
valorisation.

Utilising clarified aquaponic sedimentation effluent for microalgae cultivation offers several
advantages. First, it reduces freshwater consumption by substituting clean water with a recycled
effluent stream. Second, it enables the recovery of dissolved nutrients by converting them into algal
biomass that can serve as a feedstock for biofuels or other bioproducts. Third, integration of
microalgae into aquaponic systems can enhance overall system resilience by further polishing
effluents and reducing nutrient discharge to the environment(Dodangodage, Kasturiarachchi, et al.,
2025a)(Mahmood et al., 2023)(Farooq, 2021) . Despite these potential benefits, critical questions
remain regarding biomass productivity, carbohydrate accumulation, and biomass quality when
Chlorella sp. is cultivated in clarified aquaponic effluents compared with conventional synthetic
media.

Carbohydrate content is a key determinant of microalgal biomass suitability for bioethanol
production, as fermentable sugar yield after saccharification directly governs theoretical ethanol
output. Although carbohydrate accumulation can be enhanced through nutrient limitation, light
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manipulation, or stress induction, most evidence to date is derived from studies using synthetic
media or well-characterised wastewaters (Osman et al., 2023)(Tse et al., 2021)(Condor et al., 2022).
Empirical data on the carbohydrate response of Chlorella sp. to the specific nutrient composition and
organic matter profile of clarified aquaponic sedimentation effluent remain scarce, particularly with
respect to total carbohydrate fraction and bioethanol-relevant productivity metrics.

Moreover, the composition of aquaponic effluents varies with fish species, feeding regimes,
system design, and solids removal efficiency, which may significantly influence algal growth kinetics
and biochemical composition. Consequently, experimental evaluation using real effluent streams
under controlled cultivation conditions is necessary to assess both biomass productivity and
carbohydrate accumulation before large-scale or integrated bioethanol production can be realistically
proposed(Dodangodage, Kasturiarachchi, et al., 2025a)(Kushwaha et al., 2025).

In this context, the present study investigates the feasibility of producing carbohydrate-rich
Chlorella sp. biomass using clarified effluent from aquaponic sedimentation tanks. To the best of the
authors’ knowledge, this is one of the first studies to evaluate clarified aquaponic sedimentation
effluent effluent as a cultivation medium specifically for carbohydrate-oriented Chlorella sp. biomass
production targeted at bioethanol feedstock applications. The study quantifies biomass productivity,
assesses carbohydrate accumulation as a percentage of dry weight, and evaluates the theoretical
bioethanol potential of the produced biomass. By focusing on a real aquaponics-derived nutrient
stream, this work provides practical insights into resource recovery strategies for integrated food—
energy—-water systems and contributes data essential for future techno-economic and life-cycle
assessments of algal bioethanol pathways.

The specific objectives of this study are: (i) to characterise the nutrient composition of clarified
aquaponic sedimentation effluent used as a culture medium; (ii) to evaluate the growth kinetics and
biomass productivity of Chlorella sp. cultivated in this effluent under controlled laboratory
conditions; and (iii) to quantify carbohydrate accumulation in the harvested biomass and assess its
suitability as a fermentable feedstock for bioethanol production.

2. Method

2.1. Wastewater Collection and Pre-treatment

Aquaponics Sedimentation Effluent was collected from the Aquaponics facility of the University
of Moratuwa in sterile polyethylene containers, transported on ice, and processed within 24 h.
Suspended solids were removed by filtration through a 0.45 pm nylon mesh (Millipore), and the
clarified wastewater was used as the experimental medium. Preliminary screening experiments were
conducted to determine optimal dilution and illumination conditions for Chlorella sp. cultivation.
Based on these results, a 100% (v/v) without dilution of wastewater was selected, with pH adjusted
to 6.8 using 1 M NaOH. BG11 medium (HiMedia, India) served as the control. Both media were
sterilized by autoclaving at 121 °C for 20 min.

2.2. Wastewater Characterization

Initial characterization of Aquaponics Sedimentation Effluent was performed according to
APHA Standard Methods (Fitri et al., 2020). All measurements were conducted in triplicate (n = 3).
The following parameters were determined:

e  pH-using a benchtop pH meter.
e Nitrate (NO;—N) — UV absorbance at 220 nm with baseline correction at 275 nm.
e  Phosphate (PO42—P) — molybdenum blue method, absorbance at 880 nm.

The characterized wastewater parameters were compared against national discharge standards
(Central Environmental Authority, Sri Lanka, 2022). Nitrate (8-12 mg L) and phosphate (5-7 mg
L) concentrations also surpassed thresholds for secondary-treated effluent (NO;~ <5 mg L; PO43 <
2 mg L. These findings confirmed the necessity of nutrient remediation prior to discharge.

2.3. Microalgal Strain and Inoculum Preparation
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A pure culture of Chlorella sp. was obtained from Progreen Laboratory, University of Moratuwa.
Pre-cultures were grown in standard nitrate concentration (BBM) medium under controlled conditions
(25 £ 2 °C, continuous illumination at 150 pmol photons m2 s! with cool-white LED lights, and
aeration at 0.5 vvm sterile-filtered air) before being transferred to experimental flasks. Explorational
phase cultures were harvested, centrifuged at 4000 rpm for 20 min, and inoculated into experimental
media at an initial biomass concentration of 0.3 g L. 2 L laboratory glass bottles containing 1.5 L of
autoclave sterilized media, inclusive of 3-port GL45 screw caps with openings for aeration and
pressure compensation were employed as the photobioreactors. Aeration and pressure compensation
ports were equipped with 0.45 um polytetrafluoroethylene (PTFE) membrane filters for sterile
aeration and reduction of evaporative losses. The photobioreactors were illuminated with cool white
LED strips at 10, 000 lux light intensity under a 12/12 h light/dark cycle(Premaratne et al., 2021).

2.4. Experimental Setup and Cultivation Conditions
2.4.1. Screening of Wastewater Dilution Factors

Four dilutions of Aquaponics Sedimentation Effluent (25%, 50%, 75%, and 100% v/v) were
prepared using distilled water, with 400 mL working volume in 500 mL Erlenmeyer flasks. Initial pH
(<3.9) was adjusted to 6.8 using NaOH. BBM medium (400 mL) served as the control. Cultures were
incubated at 32 °C under a 12:12 h light-dark cycle, aerated continuously, and illuminated at 100
umol photons m=2 s (LED, cool-white). Biomass growth was monitored every 48 h by optical density
(ODgs,) and dry weight measurement(Reyimu & Ozgimen, 2017).

2.4.2. Screening of Light Intensities

The effect of light intensity on biomass production was evaluated using the Aquaponics
Sedimentation Effluent medium. Four light intensities (90, 140, 185, and 230 umol photons m™2 s,
LED, cool-white) were tested, with BBM at 100 pmol photons m2 s7* as the control. Cultures were
incubated under the same conditions as Section 3.4.1. Biomass accumulation was monitored every 48
h(Azizi et al., 2021).

2.4.3. Main Cultivation Experiment

Based on the screening results, the undiluted (100% v/v) Aquaponics Sedimentation Effluent
was selected for subsequent experiments as it supported high biomass accumulation without
freshwater consumption. Similarly, the light intensity screening indicated that 185 pmol photons m2
st supported the optimal growth trade-off, and this intensity was selected for the main experiment.

The main batch cultivation was carried out in 2 L sterilized glass vessels with 1.5 L working
volume, using the selected undiluted (100% v/v) aquaponics sedimentation effluent and BBM control.
Cultures were incubated at 32 °C under a 12:12 h light-dark photoperiod, aerated with sterile-filtered
air pumps (BOYO, 0.45 um filter), and illuminated with LED lights at 185 pmol photons m=s'. Light
intensity was monitored with a quantum sensor (LI-COR LI-250A). The BBM control was cultivated
under the same optimized illumination conditions (185 pmol m= s) to ensure comparability

2.5. Analytical Procedures
2.5.1. Biomass Concentration

Biomass growth was monitored every 48 h. Optical density (OD.,) was measured with a UV-
Vis spectrophotometer (Shimadzu UV-1800). Microalgal growth was evaluated at 2-day time
intervals by the determination of biomass concentration of cultures. Culture aliquots of 5 mL were
filtered through pre-dried and pre-weighed glass microfiber filter papers (Hyundai GF/C, $47 mm,
1.2 um pore size)(Premaratne et al.,, 2021). Thereafter, the glass microfiber filter papers were oven
dried at 60 -C for 24 h, and the biomass concentration of cultures was determined as per the following
equation
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where DWn is the biomass concentration (g/L) of microalgae on the nth day of cultivation (Tn), Wfis
the final weight of the dried filters with microalgal biomass, Wi is the initial weight of the filters and
V is the volume of the culture aliquot.

2.5.2. Nutrient Removal

The nitrate concentration in the media and pH of cultures were determined at 2-day time
intervals. Culture samples (5mL) were centrifuged at 10,000xg for 5min and the supernatant was
filtered through 0.22um nylon syringe filters. (Hanna HI98194)(Rita & Braganca, 2021). Nitrate and
phosphate concentrations were determined as in Section 2.2.

Nutrient removal efficiency (RE, %) was calculated as:

RE(%) = % « 100

where (Ci) and (Cs) are initial and final concentrations (mg L), respectively.

2.5.3. Analytical Validation

All analyses were performed in triplicate. UV-Vis measurements were calibrated with standard
solutions (potassium nitrate, KH,PO,, and potassium hydrogen phthalate). Calibration curves
showed excellent linearity (R? > 0.996). Instrumental blanks were run for each batch to eliminate
baseline drift.

2.6. Biomass Harvesting

At the end of the 20-day cultivation period, biomass was harvested by centrifugation at 4000
rpm for 20 min (Eppendorf 5810R), washed twice with sterile distilled water, and oven-dried at 60 °C
to constant weight(Dodangodage, Kasturiarachchi, et al., 2025b).

2.7. Carbohydrate Content

10mg samples were also utilized for the determination of carbohydrate content. 0.5mL of acetic
acid was added to microalgal biomass, and the solution was heated at 80°C for 20min in a
temperature- controlled water bath. The solution was cooled, and 10mL of acetone was added for the
extraction of pigments. Thereafter, the samples were centrifuged at 3500xg for 10min, and the
supernatant was discarded. The pellet was hydrolyzed by incubation with 2.5mL of 4M
trifluoroacetic acid at 95°C for 4h. The hydrolysate was separated from the residual biomass by
centrifugation at 10,000xg for 5min. The carbohydrate content in the hydrolysate was determined
using the phenol-sulfuric acid method(Jia et al., 2015)(Dubois et al., 1956).

2.8. Statistical Analysis

All screening experiments were conducted in duplicate, while the main cultivation experiments
and all analytical measurements were performed in triplicate (n = 3). Statistical significance of media
dilution and light intensity was evaluated using one-way ANOVA followed by Tukey’s HSD post-
hoc test, with significance defined at p <0.05.
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3. Results
3.1. Characterization of Aquaponics Wastewater

Prior to inoculation, the physicochemical properties of the sedimentational aquaponics effluent
(AE) were analyzed to assess its suitability as a growth medium. The initial composition of the
wastewater (Day 0) revealed a nutrient-rich profile characteristic of intensive aquaculture systems.

As summarized in Table 1, the wastewater was slightly acidic to neutral with a pH of 6.81 £ 0.33,
which is within the optimal physiological range for Chiorella sp. Notably, the wastewater contained
a high concentration of nitrate (153.02 + 4.26 mg/L), exceeding the nitrate concentration found in the
standard Bold's Basal Medium (BBM) control (142.40 + 2.98 mg/L). However, the phosphate
concentration in the wastewater (6.91 + 0.25 mg/L) was significantly lower than that of the control
medium (13.76 + 0.60 mg/L). This resulted in a high N:P ratio in the wastewater (22 : 1), suggesting
that phosphorus could potentially become the limiting nutrient during prolonged cultivation.

Table 1. Initial physicochemical characteristics of the aquaponics effluent (AE) compared to the standard BBM

control (Day 0).
Parameter Unit BBM (Control) AWW (Wastewater)
pH - 6.80+0.17 6.81+0.33
Nitrate (NO5") mg L1 142.40 +2.98 153.02 +4.26
Phosphate (PO4*) mg L1 13.76 +£ 0.60 6.91 +0.25

3.2. Screening of Optimal Aquaponics Effluent (AE) Dilution

The growth of Chlorella sp. was evaluated under five different dilution regimes (0% to 100%
Aquaponics Effluent AE) to identify the optimal nutrient concentration for biomass production. The
growth profiles in terms of optical density (ODeso) and dry cell weight (DCW) are presented in Figures
1and 2.
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Figure 1. Growth kinetics measured as optical density (OD680) of Chlorella sp. cultivated in different dilution
ratios of aquaponics effluent.
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Figure 2. Comparison of dry cell weight (biomass yield) of Chlorella sp. grown in various AE concentrations at

the stationary phase.

3.2.1. Growth Dynamics (ODeso)

The cultures grown in higher concentrations of wastewater (75% and 100% AE) exhibited rapid
exponential growth compared to the control (BBM) and lower dilutions. A one-way ANOVA analysis
confirmed that the dilution factor had a statistically significant effect on growth (p < 0.001). By Day
12, the highest optical densities were recorded in 100% AE (2.20 + 0.03) and 75% AE (2.18 + 0.05). A
Tukey’s HSD post-hoc test revealed that there was no significant difference (p > 0.05) between the
75% and 100% concentrations, though both were significantly superior to the BBM control (1.11 *
0.04).

3.2.2. Biomass Production (Dry Weight)

While the optical density suggested equal performance between the two highest concentrations,
the dry weight analysis revealed a significant divergence. As shown in Figure 2, the maximum
biomass yield was achieved in 75% AE (1.08 + 0.02 g/L) on Day 12. Statistical analysis indicated that
the biomass yield in 75% AE was significantly higher (p < 0.05) than that obtained under the 100%
AE condition (0.97 + 0.02 g L). However, the absolute difference in biomass accumulation between
the two treatments was marginal (<10%), indicating that Chlorella sp. can maintain comparable
growth performance even under undiluted aquaponics effluent. Although the 100% AE condition
may have introduced mild growth constraints, such as increased self-shading or nutrient imbalance,
its ability to support high biomass productivity without the use of freshwater is particularly relevant
from a sustainability perspective. Therefore, in alignment with resource-efficiency principles and
Sustainable Development Goals related to water conservation and circular resource use, the
undiluted (100% v/v) aquaponics effluent was selected as the optimal medium for subsequent light-
intensity optimization experiments. Although the 75% dilution yielded marginally higher biomass,
the 100% condition eliminates the need for freshwater addition, significantly lowering the operational
water footprint. In a circular bioeconomy context, eliminating freshwater input is prioritized over
marginal yield gains.

3.3. Optimization of Light Intensity for Biomass Production

Following the determination of the optimal dilution factor, the influence of light intensity on
Chlorella sp. growth was evaluated under five photosynthetic photon flux densities (PPFD) ranging
from 90 to 230 pmol m2 s7'. The growth dynamics, measured via optical density (ODsso), exhibited a
significant non-linear response to light availability (Figure 3).
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Figure 3. Growth kinetics measured as optical density (ODsso) of Chlorella sp. cultivated in different light
intensities.

A one-way ANOVA confirmed that light intensity had a statistically significant effect on the
growth rate (p < 0.001). The cultures exposed to higher intensities (185 and 230 pmol m=2 s7)
demonstrated rapid exponential growth, achieving the highest final optical densities of 2.15 + 0.05
and 2.08 + 0.05, respectively. Interestingly, the lowest light intensity (90 pmol m= s') recorded a
higher optical density (1.20 + 0.03) compared to the control at 100 pmol m=2 s (0.96 + 0.03), suggesting
a potential physiological response to low-light stress through increased pigmentation.

However, the dry cell weight (DCW) analysis provided a more definitive measure of
productivity and revealed distinct saturation kinetics (Figure 4). Unlike the optical density results,
the biomass yield at 90 pmol m= s (0.48 + 0.02 g/L) was significantly lower than the control (0.55 +
0.02 g/L; p < 0.05), confirming that light limitation constrained actual biomass accumulation despite
the higher turbidity. The biomass yield increased consistently with light intensity, peaking at 1.05 +
0.03 g/L under 185 umol m=2s1. A Tukey’s HSD post-hoc analysis revealed no significant difference
(p > 0.05) between the yields at 185 pmol m=2 s™! and 230 umol m2 s (1.00 + 0.03 g/L). This plateau
indicates that the culture reached photo-saturation at 185 pmol m= s7!, where further increases in
light energy did not translate into additional biomass. Consequently, 185 pmol m=2 s~ was identified
as the optimal illumination intensity for the subsequent main experiment.
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Figure 4. Effect of light intensity on final biomass production.

3.4. Results: Growth Kinetics and Biomass Productivity

The cultivation of Chlorella sp. under the optimized conditions (100% Aquaponics Effluent (AE)
+ 185 pmol m™ s7') was compared against a control group grown in standard BBM. The results
demonstrate that the waste-derived medium supported significantly higher growth rates and
biomass accumulation than the commercial nutrient solution.

3.4.1. Growth Dynamics

The optical density profile (Figure 5) reveals that the optimized wastewater culture entered the
exponential phase earlier and maintained a higher growth trajectory throughout the 14-day period.
By Day 14, the optical density of the main experimental group reached 2.94 + 0.13, which was
significantly higher (p < 0.001, t-test) than the control group (2.22 + 0.05).

e  Specific Growth Rate (ut): The specific growth rate during the exponential phase (Days 2-10) was
calculated to be 0.130 d-! for the wastewater group, compared to 0.113 d* for the control.
e  Doubling Time (t,): Consequently, the cells in the aquaponics wastewater doubled faster (t, =

5.34 days) than those in the standard medium (t, = 6.12 days).
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Figure 5. Comparative growth curves (ODeso) of Chlorella sp. cultivated under optimized conditions versus the
standard Bold’s Basal Medium (Control).
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3.4.2. Biomass Productivity

The superiority of the aquaponics effluent (AE) was most evident in the dry biomass yield
(Figure 6). While both cultures started with an initial biomass of 0.12 + 0.01 g/L, the optimized group
diverged sharply after Day 10. By the end of the cultivation period (Day 15), the main experiment
achieved a maximum biomass of 2.05 + 0.03 g/L, representing a 75% increase over the control (1.20 +
0.03 g/L, p <0.001).

When it comes to productivity (Pmax)(Vivanco-Bercovich et al., 2025), the overall biomass
productivity for the optimized system was 0.132 g/L/day, nearly double that of the control (0.072
g/L/day). This confirms that aquaponics wastewater, when paired with optimized lighting, provides
a nutrient-dense environment that outperforms standard inorganic media.

2.5 4 [ Main (100% AE + 185 pumol)
e

Control

2.0

1.5 4

Dry Weight (g/L)

1.0 1

0.5 1

0.0+

Day

Figure 6. Temporal biomass accumulation (dry cell weight) in aquaponics wastewater compared to the BBM

control.

3.5. Results: Nutrient Removal Efficiency

To evaluate the bioremediation potential of the system, the depletion of nitrate (NO;") and
phosphate (PO4*") was monitored throughout the cultivation period. The results confirm that Chlorella
sp. is highly effective at recovering nutrients from aquaponics wastewater.

3.5.1. Nitrate Removal

The system demonstrated high nitrate removal kinetics (Figure 7). The aquaponics wastewater
initially contained higher nitrate loads (153.02 + 4.26 mg/L) compared to the BBM control (142.40 +
2.98 mg/L). Despite this higher initial burden, the optimized culture achieved a significantly faster
removal rate of 10.56 mg/L/day, compared to 9.09 mg/L/day in the control. By Day 14, the nitrate
concentration in the AE was reduced to just 5.20 + 0.22 mg/L, corresponding to a removal efficiency
of 96.60%. This was significantly higher (p < 0.001) than the 89.39% efficiency observed in the control

group.
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Figure 7. Kinetics of nitrate (NOs-) depletion in AE and BBM control medium.

3.5.2. Phosphate Removal

Phosphate removal followed a similar trend of rapid depletion (Figure 8). Although the initial
phosphate concentration in the wastewater (6.91 + 0.25 mg/L) was approximately half of the BBM
control (13.76 + 0.60 mg/L), the culture scavenged the available phosphorus to near-exhaustion. By
Day 14, the residual phosphate in the wastewater dropped to 0.19 + 0.01 mg/L, representing a 97.25%
removal efficiency. This complete depletion suggests that the system is capable of polishing
wastewater effluent to meet stringent discharge standards.
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Figure 8. Phosphate (PO+*) removal profile of Chlorella sp., highlighting the near-complete depletion of
phosphorus in the AE.

3.5.3. pH Evolution

The pH profile (Figure 9) provided insight into the photosynthetic activity of the cultures. Both
groups exhibited a pH increase over time, indicative of dissolved CO, consumption during
photosynthesis.
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Control (BBM), the pH rose continuously, reaching a highly alkaline peak of 10.50 by Day 14.
AE the pH rose initially but stabilized at approximately 9.75 after Day 10. This stabilization in the
wastewater group is advantageous for large-scale cultivation, as extreme alkalinity (pH > 10) can
sometimes precipitate essential micronutrients or inhibit growth. The natural buffering capacity of
the aquaponics effluent likely contributed to maintaining this more favorable range.

11 -

=-- BBM pH (Mean)
—&— AE pH (Mean) 4

—
o
|
-
|—¢‘Io—m—<
|
|
|

Day

Figure 9. Evolution of culture pH during the cultivation period.

Consequently, the total nutrient removal efficiency was calculated to quantify the treatment
performance (Table 2). The aquaponics wastewater medium demonstrated superior bioremediation
capacity, achieving significantly higher removal rates (p < 0.05) for both nitrate (96.59%) and
phosphate (97.25%) compared to the control. This high efficiency suggests that the system effectively
mitigates the risk of eutrophication while generating biomass.

Table 2. Nitrate and phosphate levels at the beginning and end of the main experiment, along with their

respective consumption efficiency.

Medium Parameter | Initial (mg/L) | Final (mg/L) | Efficiency (%)
BB medium (Control) | NOs~ 142.08 14.21 90.00
BB medium (Control) | P-PO4?- 13.76 1.1 92.01
AE medium NO;- 153.00 5.21 96.59
AE medium P-POg*- 6.91 0.19 97.25

3.7. Biomass Accumulation and Carbohydrate Productivity

To assess the potential of the produced biomass as a feedstock for bioethanol, the dry cell weight
(DCW), carbohydrate content (%), and total carbohydrate yield were analyzed after 14 days of
cultivation.

3.7.1. Enhanced Biomass and Carbohydrate Profile

The biochemical analysis (Table 3) confirms that aquaponics effluent (AE) significantly enhances
both cell growth and energy storage compared to the standard BBM control.

The biomass consistent with the growth kinetics observed in Section 3.4, the final dry cell weight
reached 2.05 + 0.03 g/L, representing a 78.3% increase over the control yield of 1.15 + 0.03 g/L. This
superior growth is attributed to the organic carbon and micronutrients present in the fish effluent,
which facilitate mixotrophic growth (Chaudhuri & Balasubramanian, 2025).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1475.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 December 2025 d0i:10.20944/preprints202512.1475.v1

13 of 19

Table 3. Comparison of biomass production, carbohydrate accumulation, and theoretical bioethanol potential

of Chlorella sp. cultivated in BBM (Control) and aquaponics effluent (AE).

Parameter Control AE(Optimized) | Increase over
(BBM) Control (%)

Dry Cell Weight (g/L) 1.15+0.03 2.05 +0.03 +78.3%

Carbohydrate Content (%) | 23.54+2.24 | 40.71+2.14 +72.9%

Total Carbohydrate Yield | 0.271+0.02 | 0.835+0.02 +208.1%

(&/L)

Theoretical Bioethanol | 0.138 0.427 +209.4%

(&/L)

Decisively, the algal cells grown in wastewater accumulated significantly higher intracellular
carbohydrates. The carbohydrate content in the AE group reached 40.71 + 2.14% of dry weight, a
72.9% increase compared to the control (23.54 + 2.24%). This accumulation is a stress response to the
nitrogen depletion observed towards the end of the cultivation period, a known trigger for starch
synthesis in Chlorella sp.

3.7.2. Theoretical Bioethanol Potential

The combination of high biomass and high carbohydrate content resulted in a high in total
feedstock availability. The total carbohydrate yield in the AE medium was calculated to be 0.835 g/L,
which corresponds to a 208% enhancement compared to the control (0.271 g/L).

Based on the standard stoichiometric conversion factor of 0.511 g ethanol/g hexose, the
theoretical bioethanol potential of the AE-grown biomass is approximately 0.427 g/L, compared to
just 0.138 g/L for the control. These findings confirm that aquaponics wastewater is a highly feasible,
low-cost medium for producing carbohydrate-rich feedstock for biofuel applications(Miskat et al.,
2020)(Alfonsin et al., 2019).

4. Discussion

The present study demonstrates that clarified aquaponics effluent (AE) can serve as an effective
nutrient medium for Chiorella sp., supporting significantly higher biomass productivity than the
conventional Bold’s Basal Medium (BBM). The enhanced growth observed under optimized AE
conditions is consistent with previous reports indicating that aquaculture- and aquaponics-derived
effluents often outperform synthetic media due to the presence of readily assimilable nitrogen
species, phosphorus, trace elements, and dissolved organic carbon ((Dall'Osto et al., 2019);
(Chaiprapat et al., 2017)). Unlike strictly inorganic formulations, aquaponics effluents may enable
partial mixotrophic growth because of their organic carbon fraction, thereby accelerating cell division
and biomass accumulation without external carbon supplementation.

The earlier onset of exponential growth and the higher specific growth rate recorded in AE
relative to BBM align well with values reported for Chlorella cultivated in fish farm wastewater and
aquaculture effluents, where specific growth rates typically range from 0.11 to 0.15 d* (Difusa et al.,
2015; Dhandwal et al., 2025). The close agreement between these reported values and the present
findings suggests that clarified AE provides a nutritionally balanced environment rather than
imposing strong inhibitory effects commonly associated with untreated or highly concentrated
wastewaters.
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The dilution-dependent response observed in this study highlights the importance of balancing
nutrient availability and light penetration when cultivating microalgae in real effluents. Although
high optical densities were achieved under both 75% and 100% AE conditions, dry biomass
accumulation was only marginally higher at the optimized dilution, with the absolute difference
between diluted and undiluted media remaining below 10%. This indicates that Chlorella sp. can
maintain comparable biomass productivity even under undiluted effluent conditions. The slight
reduction in biomass observed at 100% AE is likely attributable to increased self-shading, reduced
light penetration, or minor nutrient imbalances, phenomena that have been widely reported for dense
algal cultures grown in wastewater matrices (Chaiprapat et al., 2017;Lakatos et al., 2019).

From a system-integration perspective, the ability to cultivate microalgae directly in undiluted
aquaponics wastewater is particularly advantageous. Operating without dilution eliminates
freshwater demand while preserving high productivity, which is critical for large-scale deployment
in water-scarce regions and aligns with resource-efficiency principles emphasized in wastewater-
based algal cultivation systems ((Dall’Osto et al., 2019); (Dhandwal et al., 2025)).

Light intensity optimization further revealed a clear photo-saturation response. Biomass
productivity increased with irradiance up to approximately 180-190 pmol m=2 s and plateaued
thereafter, indicating that photosynthetic capacity became saturated beyond this range. Similar
optimal irradiance windows (150-200 pmol m™ s™) have been reported for Chlorella spp. cultivated
in wastewater-based systems ((Dall'Osto et al., 2019); (Dhandwal et al., 2025)). At lower irradiance,
enhanced pigmentation may elevate optical density without a proportional increase in dry biomass,
whereas excessive light does not translate into higher productivity once photosynthetic electron
transport becomes limiting.

Beyond biomass production, the high nitrate and phosphate removal efficiencies achieved in AE
cultures demonstrate the strong bioremediation capability of Chiorella sp. The near-complete
depletion of dissolved nutrients by Day 14 compares favorably with nutrient removal efficiencies
reported for microalgae-based treatment of aquaculture effluents, which typically range from 70-95%
for nitrate and 80-98% for phosphate ((Difusa et al., 2015); (Chaiprapat et al., 2017)).

The stabilization of pH observed in AE cultures, in contrast to the continuous increase recorded
in BBM, suggests an inherent buffering capacity associated with the wastewater matrix. This
buffering behavior has been attributed to bicarbonate alkalinity, dissolved organic matter, and the
coexistence of multiple nitrogen species in aquaculture-derived effluents ((Dall’Osto et al., 2019)).
Similar pH moderation effects have been reported in integrated algae-aquaculture systems, where
extreme pH excursions during intense photosynthesis are dampened by the chemical composition of
the wastewater. Such pH stability is particularly advantageous for scale-up, as excessive alkalinity
can impair micronutrient bioavailability, alter carbon speciation, and compromise long-term culture
stability.

A key outcome of this study is the substantial enhancement of carbohydrate accumulation in
Chlorella sp. cultivated in AE. The carbohydrate content exceeding 40% of dry weight falls within,
and in some cases exceeds, the range reported for carbohydrate-enriched Chlorella biomass produced
under nitrogen-limited or wastewater-based conditions (30-45% DW)(Lakatos et al., 2019); (Dall’Osto
et al., 2019)). This accumulation is strongly associated with progressive nitrogen depletion during
cultivation, which is known to redirect cellular carbon flux away from protein synthesis toward
starch and other storage polysaccharides.

When combined with elevated biomass yield, the resulting total carbohydrate productivity
significantly exceeded that of the BBM control, translating into a markedly higher theoretical
bioethanol potential. Previous studies have emphasized that total carbohydrate yield, rather than
percentage content alone, is the critical determinant of bioethanol process feasibility ((Difusa et al.,
2015); (Dhandwal et al., 2025)). In this context, the present results underscore the advantage of
integrating algal cultivation with aquaponics wastewater streams to maximize both nutrient recovery
and biofuel feedstock generation. While bioethanol yields were estimated using stoichiometric
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conversion factors, experimental fermentation trials were beyond the scope of the present study and
should be addressed in future work.

The findings of this study support the integration of microalgae into aquaponic operations as an
effective resource recovery strategy. By converting dissolved nutrients into carbohydrate-rich
biomass, the system simultaneously mitigates eutrophication risk and generates a valuable bioenergy
precursor. Life-cycle and sustainability assessments have consistently highlighted that coupling algal
biofuel production with wastewater treatment can substantially reduce freshwater demand, fertilizer
inputs, and overall production costs ((Dall’Osto et al., 2019); (Dhandwal et al., 2025)).

Overall, the present work provides experimental evidence that clarified aquaponics
sedimentation effluent is not merely a waste stream but a viable cultivation medium for producing
carbohydrate-rich Chlorella sp. biomass. These results establish a robust foundation for future studies
focusing on continuous operation, downstream fermentation performance, and integrated techno-
economic and life-cycle assessments to evaluate large-ascale implementation.

Table 4. Comparison of carbohydrate-rich Chiorella sp. production in wastewater-based systems reported in
the literature and the present study.

Study / Source | Wastewater Type Biomass Carbohydrate Key Outcome
Yield (g L) | Content (% DW)
(Difusa et al., | Fish farm wastewater | 0.8-1.4 28-38 Effective nutrient removal with
2015) moderate carbohydrate
accumulation
(Chaiprapat et | Aquaculture effluent | 0.9-1.6 3040 Improved growth under diluted
al., 2017) effluent conditions
(Dall’'Osto et al., | Integrated 1.0-2.0 3545 Enhanced biofuel feedstock
2019) aquaculture-algae potential ~ through  wastewater
systems valorization
(Dhandwal et | Wastewater-grown 1.2-2.1 32-44 High carbohydrate productivity
al., 2025) Chliorella coupled with nutrient recovery
Present study Clarified aquaponics | =2.05 =40.7 High biomass yield, strong nutrient
wastewater removal, and elevated bioethanol
potential

5. Conclusions

This study demonstrates the technical feasibility of utilizing clarified aquaponics sedimentation
effluent as a growth medium for producing carbohydrate-rich Chiorella sp. biomass suitable for
bioethanol applications. Undiluted aquaponics effluent supported robust algal growth, achieving a
maximum biomass concentration of 2.05 g L' under optimized illumination (185 umol m2 s7),
representing a 78% increase compared with the conventional BBM control.

In addition to enhanced biomass productivity, cultivation in aquaponics effluent significantly
promoted carbohydrate accumulation, with carbohydrate content reaching 40.7% of dry weight. This
resulted in a more than threefold increase in total carbohydrate yield and a corresponding theoretical
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bioethanol potential of 0.427 g L, highlighting the suitability of the produced biomass as a
fermentable feedstock.

The system also demonstrated strong wastewater polishing capability, achieving nitrate and
phosphate removal efficiencies exceeding 96%, while maintaining a more stable pH profile compared
with the synthetic medium. This buffering behaviour is advantageous for operational stability and
suggests that aquaponics effluent can support sustained algal cultivation without excessive chemical
intervention.

Overall, the findings confirm that clarified aquaponics sedimentation effluent is not merely a
waste stream but a valuable resource that can be directly valorised for biofuel feedstock production
without freshwater dilution. By integrating microalgal cultivation into aquaponic systems, the
approach simultaneously enables nutrient recovery, wastewater treatment, and renewable energy
feedstock generation. Future work should focus on continuous cultivation, downstream fermentation
validation, and comprehensive techno-economic and life-cycle assessments to support large-scale
implementation within integrated food—energy—water systems.
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