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Abstract: Microalgae possess the remarkable ability to autotrophically grow, utilizing
atmospheric carbon dioxide (CO2) for photosynthesis, thereby converting solar energy
into chemical energy and releasing oxygen. This capacity makes them an effective tool
for mitigating industrial CO2 emissions. Mathematical models are crucial for predicting
microalgal growth kinetics and thus assessing their potential as industrial CO2 seques-
tration agents under controlled conditions. This study innovatively evaluated the effect
of continuously supplying CO2 from winemaking processes on microalgal cultivation
and biomass production, demonstrating a novel approach to both carbon capture and
the valorization of a valuable by-product. To analyze microalgal growth kinetics, three
mathematical models were employed: Logistic, First Order Plus Dead Time, and Second
Order Plus Dead Time. Optimal parameter values for each model were identified using a
hybrid search algorithm developed by our research group. First, an integrated microvinifi-
cation system was established, utilizing two microalgae species, Chlorella spp. (FAUBA-17)
and Desmodesmus spinosus (FAUBA-4), in conjunction with yeast fermenters. This system
facilitated a comparison of the biomass kinetics of these two microalgae species, select-
ing Chlorella spp. (FAUBA-17) as the most suitable candidate for subsequent cultivation.
A pilot-scale vertical column photobioreactor was then constructed and installed at the
Casimiro Wines boutique winery in Angaco, San Juan, Argentina. After 15 days of opera-
tion within the photobioreactor, a biomass growth of 1.04 ± 0.05 g/L and 1.07 ± 0.1 g/L
was obtained in Photobioreactors 1 and 2, respectively. This novel integrated approach to
CO2 capture in the winemaking process is unprecedented. These findings highlight the
potential for producing high-value microalgal biomass, promoting the establishment of a
local biorefinery and fostering a circular economy and sustainable social development.

Keywords: microalgae; winemaking; CO2 biocapture; photobioreactor; growth kinetic

1. Introduction
The environmental impact of human activity is increasingly evident, as global CO2

emissions from fossil fuels have risen by over 60% in the last 30 years. This has led to a
1.1 ◦C increase in the average global temperature compared to pre-industrial levels, making
the period from 2016 to 2020 the warmest on record [1]. Addressing this issue requires
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urgent action; global CO2 emissions must decline by 7% annually until 2030 to meet climate
targets. Agriculture and industrial activity are significant contributors to these emissions,
together accounting for approximately 45% of global greenhouse gas emissions [2]. Trans-
forming these sectors is therefore essential. Adopting sustainable practices grounded
in bioeconomic principles presents a viable solution, as this can mitigate environmental
impacts, conserve natural resources, and advance long-term global sustainability goals.

Microalgae represent a versatile and sustainable solution to pressing environmental
challenges, particularly those associated with carbon emissions and resource depletion [3].
As some of the earliest photosynthetic organisms, microalgae exhibit exceptional rates
of CO2 conversion into biomass, significantly exceeding those of terrestrial plants [4].
Notably, microalgae can capture substantial amounts of CO2, fixing 10 to 50 times more
CO2 than terrestrial plants while producing an average of 1.83 g of biomass per gram of CO2

consumed [5]. This capability makes microalgae an effective tool for mitigating greenhouse
gas emissions, particularly when cultivated on non-fertile lands using photobioreactors [4].
Furthermore, microalgae contribute to bioremediation by effectively retaining heavy metals
and other pollutants [6,7]. Their biomass, rich in proteins, oils, and antioxidants, offers a
valuable resource for various applications, including biofertilizer, biofuels, food production,
and pharmaceuticals [8].

In San Juan, Argentina, the winemaking industry plays an important role in the re-
gional economy, competing in international markets where sustainability is increasingly
valued. However, the industry faces significant challenges in reducing its carbon footprint,
as it is both energy-intensive and heavily reliant on conventional practices that contribute to
global CO2 emissions. While Argentina lacks specific legislation regulating CO2 emissions
from winemaking, calculating the carbon footprint offers a viable approach for quantifi-
cation. This approach aligns with global green labeling standards, enabling wineries to
enhance their competitiveness in international markets. By adopting these practices, San
Juan could position itself as a leader in innovative and sustainable industrial solutions,
setting an example for the global winemaking industry [9].

These challenges underscore the critical need to adopt sustainable solutions to mitigate
the environmental impact of agro-industrial activities, particularly in light of increasing
international attention to climate change [9]. The province boasts solar radiation intensity
reaching up to 7.5 kWh/m2/day and between 4 and 9 h of sunlight daily, depending on the
season and area [10]. Its vast expanses of non-arable desert and semidesert land provide
ideal conditions for installing microalgae photobioreactors. By integrating such systems
into local wineries, CO2 emissions from wine fermentation, estimated at 14,400 tons for
2023, based on stoichiometric analysis [11] and official data from Instituto Nacional de
Vitivinicultura (INV) [12], could be effectively captured, reducing the industry’s carbon
footprint. This approach not only addresses the immediate challenge of emissions reduction
but also aligns with the concept of integrated biorefineries, where microalgae cultivation
can generate high-value bioproducts alongside CO2 capture [13].

The integration of microalgae cultivation and winemaking presents a compelling
solution due to its ability to transform CO2 emissions into valuable biomass, aligning
with the principles of a circular economy. Leveraging local resources, such as high solar
radiation and non-arable land, enhances the feasibility of this approach in regions like
San Juan. Additionally, the biomass produced can generate high-value products such as
biofertilizers, pigments, and food supplements, diversifying revenue streams for wineries.
By adopting this strategy, wineries can significantly reduce their carbon footprint, improve
their competitiveness in sustainability-conscious markets, and contribute to global efforts
against climate change. The modular nature of microalgae cultivation systems also ensures
scalability, making this integration accessible to wineries of various sizes.
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Bioprocesses, like microalgae cultivation, are inherently complex due to their non-
linear dynamics and dependence on living organisms. These systems involve intricate
interactions between multiple variables, including nutrient availability, light intensity,
and CO2 concentration, that fluctuate over time [14]. Furthermore, the sensitivity of
microorganisms to environmental disturbances, along with the challenge of maintaining
optimal conditions without inhibiting growth or causing cell death, highlights the need for
precise control strategies [15]. Addressing these challenges requires advanced mathematical
tools for modeling and optimization, enabling better predictions of system behavior and
more efficient process management [16]. For instance, dynamic modeling, parametric
identification, optimization, control, and state estimation have proven essential for scaling
bioprocesses while maintaining high yields and quality [17], and enhancing the efficiency
and reproducibility of biological systems [18–21].

Process engineering plays a crucial role in developing systematic methodologies
for designing, modeling, scaling up, optimizing, and controlling these complex systems.
The integration of process engineering with bioprocesses facilitates the development of
innovative solutions, such as the use of photobioreactors for microalgae cultivation. Pho-
tobioreactors can be classified into open and closed types, with closed systems generally
being more efficient because they offer better control over cultivation conditions, such
as temperature and CO2 concentration. However, they are also more expensive due to
their advanced technologies and infrastructure [22,23]. These systems enhance the control
of cultivation parameters and promote sustainability by enabling efficient CO2 capture
and biomass production. By combining engineering principles with biological processes,
photobioreactor technology exemplifies the potential of multidisciplinary approaches to
address global challenges such as climate change and resource scarcity.

This paper presents a comprehensive study integrating microalgae cultivation into the
winemaking industry to mitigate CO2 emissions. To achieve this, we developed an inte-
grated system that utilizes a microalgae photobioreactor to capture the CO2 released during
grape must fermentation and produce microalgal biomass. Initially, a laboratory-scale
microvinification process was conducted to select between two microalgae species based on
their biomass kinetics. Subsequently, a pilot-scale column photobioreactor was constructed
and installed at the Casimiro Wines boutique winery in Angaco, San Juan, Argentina. The
fermentation of 150 L of white grape juice was carried out in a 300 L stainless steel tank.
The photobioreactor was then coupled to the fermentation tank, enabling the biocapture
of CO2 from the fermenting must by the microalgae cells. Experimental data from these
integrated systems were analyzed using three mathematical models, incorporating a novel
hybrid parameter optimization technique for the most accurate fit.

Our findings demonstrate this innovative approach’s potential to enhance sustainabil-
ity in winemaking while contributing to CO2 reduction efforts.

2. Materials and Methods
2.1. Microalgae Inoculum and Growth Conditions

The microalgae inoculum Chlorella spp. (FAUBA-17) and Desmodesmus spinosus
(FAUBA-4) were obtained from the Colección de Cultivos de Microalgas, Facultad de
Agronomía of Universidad Nacional de Buenos Aires (CCM-FAUBA), Argentina.

The cultivation of both strains was carried out using a modified Bold’s Basal Medium
(mBBM) prepared from concentrated stock solutions [24]. Each of these stock solutions
was prepared by dissolving a weighed quantity of the nutrient in distilled water under
constant agitation and then made up to the final volume with distilled water. To ensure
microbiological sterility, the stock solutions were dispensed into screw-cap autoclavable
Falcon tubes and autoclaved at 121 ◦C for 20 min. Refrigeration (4 ◦C) was used for short-
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term storage (up to one month), while freezing (−20 ◦C) was employed for long-term
preservation [24]. The mBBM (g/L) was composed of 1.5 mL NaNO3 (170 g/L), 1.65 mL
CaCl2 (11.3 g/L), 3 mL MgSO4·7H2O (25 g/L), 10 mL K2HPO4 (7.5 g/L), 10 mL KH2PO4

(17.5 g/L), 1 mL NaCl (25 g/L), 1 drop of trace element stock solutions EDTA (50 g/L),
FeSO4·7H2O (5 g/L), H3BO3 (11 g/L), and Bold trace metals stock solution (ZnSO4·7H2O
(8.8 g/L), MnSO4.H2O (1.4 g/L), Na2MoO4·2H2O (1.2 g/L), CuSO4·5H2O (1.5 g/L), and
CoCl2·6H2O (0.4 g/L)). The stock solutions were added to distilled water under aseptic
conditions, ensuring the desired concentration in the mBBM medium. Prior to autoclaving
at 121 ◦C for 20 min, the pH was adjusted to 7.0.

In total, 10 mL of each microalgae inoculum was grown in 250 mL flasks containing
100 mL of sterilized mBBM. The cultures were incubated for 10 days in a microbial culture
room at a constant temperature of 24 ◦C with agitation in an orbital shaker at 120 rpm under
a 12:12 (light/dark) photoperiod. The light intensity was maintained at 200 µmol/m2.s
(Apogee Instruments, MQ-500, Logan, UT, USA). To ensure culture quality, microalgae
were routinely monitored microscopically and tested for bacterial contamination. Axenicity
testing was performed by incubating 1 mL of culture in 9 mL of 1% glucose mBBM for 48 h,
with turbidity indicating bacterial contamination (a detailed discussion of the results of
this quality testing is beyond the scope of this study).

2.2. Biological Capture of CO2 from Grape Must Fermentation by Microalgae at Lab Scale

First, lab-scale experiments were carried out to choose the faster-growing microalgae
species based on their kinetics, and use it, afterwards, to enhance the performance of a
pilot-scale unit at Casimiro Winery.

The fermentation assays were performed under static conditions in six Erlenmeyer
flasks of 1 L containing 750 mL of sterile grape must (A1–A6 flasks, Figure 1). The grape
must medium consisted of grape must, distillated water, nutrients (yeast extract, thiamine,
and diammonium phosphate), and tartaric acid. As a result, the initial characteristics were
as follows: 21 ◦Bx (the equivalent of 205 g/L of sugar), pH 3.4, total acidity 5.5 g/L, and
easily assimilable nitrogen 220 mg/L [25]. It was inoculated with 2 × 106 cells/mL of
commercial yeast strain Vin 13 (Anchor Oenology, France). Prior to inoculation, yeast was
activated in 12 ◦Bx sterile grape must at 25 ◦C and 120 rpm for 24 h.

Two of the flasks (A1 and A2) where alcoholic fermentation took place were used as
duplicates to monitor the daily weight loss, which corresponded to the release of CO2, until
a constant weight was reached.

A series of flasks, B1–B6 (see the middle series of flasks in Figure 1), were used to
carry out the CO2 fermentation from microalgae. The flasks were 250 mL in volume
and contained 125 mL of mBBM with microalgae inoculum at a concentration of 1 × 106

cells/mL (X0). The A3 and A4 flasks were connected to the B3 and B4 flasks containing
D. spinosus (FAUBA-4), while the flasks A5 and A6 were connected to the B5 and B6 flasks
containing Chlorella spp. (FAUBA-17). Moreover, the B1 and B2 flasks contained each of the
two microalgae which were cultivated under atmospheric CO2 (ambient air).

Microalgae samples were taken in duplicates every 24 h, determining the cell concen-
tration using a Neubauer chamber. The experiment was carried out in a incubated room
at 25 ◦C for 22 days. The B flasks were placed under agitation at 120 rpm and a 12:12
(light/dark) photoperiod with photosynthetic active radiation (PAR) of 200 µmol/m2.s.
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Figure 1. Integrated grape must fermentation and microalgae CO2 biocapture system at laboratory
scale. 1. Grape must fermentation (A1–A6 flasks); 2. Mueller valve; 3. CO2 transport line; 4. 12 W cool
white LED tubes; 5. 10 W air pump with 10 L/min flow rate 6. Air transport line with 50 mm vent
filter (0.22 µm PTFE membrane); 7. Orbital shaker; 8. Microalgae cultures: B1–B2 flasks containing
Chlorella spp. (FAUBA-17) and D. spinosus (FAUBA-4) which was cultivated under atmospheric
CO2 (ambient air); B3–B4 flasks containing D. spinosus (FAUBA-4); and B5–B6 flasks containing
Chlorella spp. (FAUBA-17) aerated with the CO2 fermentation.

2.3. Construction of a Pilot-Scale Tubular Photobioreactor and Integration with Fermentation Tank

As part of this study, an experimental pilot-scale CO2 biocapture unit was constructed
at the Instituto de Ingeniería Química (IIQ-FI-UNSJ). As depicted in Figure 2, this unit
consisted of the following:

- Two vertical tubular photobioreactors, each measuring 400 mm in height and 150 mm
in diameter (WP1: Winery Photobioreactor 1 and WP2: Winery Photobioreactor 2). The
reactor body was fabricated from 1 mm thick polycarbonate sheets, while the top and
bottom caps were made from 3 mm thick polycarbonate. For added structural integrity,
3 mm thick steel caps and threaded rods were incorporated. Each photobioreactor
was equipped with: a sterile air/CO2 mixture inlet; an airlock for gas outlet; a valve
for sample collection; and ports for loading and unloading.

- The air distribution system comprised an air pump with a capacity of 110 L/min, a
50 mm diameter membrane filter (0.22 µm Teflon) for sterilizing the air/CO2 mixture,
3/8′′ hose, a T-junction to mix ambient air with CO2 from the fermentation process,
and valves to regulate the flow of the air/CO2 mixture to each photobioreactor.

- The support structure consisted of 30 × 30 mm pipe frame and metal mesh, with
an electrical panel and other electrical installations, loading/unloading pumps, and
hoses with valves.

- The lighting system consisted of six 9 Watt LED fluorescent lights positioned equidis-
tantly around each photobioreactor to ensure homogeneous light distribution. A 12:12
(light/dark) photoperiod was programmed.
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Figure 2. Integrated system of microalgae photobioreactor and wine fermenter installed at winery
(pilot-scale). 1. Wine fermentation stainless steel tank; 2. Manometer; 3. CO2 transport line and
rotameter; 4. 35 W air pump with 110 L/min flow rate; 12 W cool white LED tubes; 5. Air transport
line with 50 mm vent filter (0.22 µm PTFE membrane); 6. 27 W liquid transfer pump; 7. Air/CO2

distributor; 8. 12 W cool white LED tubes; 9. Vertical tubular photobioreactors with Chlorella spp.
(FAUBA-17) culture; 10. Airlock; 11. 1/2′′ Full bore ball valve; 12. Main electrical panel.

The inoculum of the selected microalgae (1 × 107 cells/mL) and the sterile mBBM
stock solutions were prepared at the IIQ.

The culture medium, inoculum, and photobioreactor were transported to Casimiro
Wines Winery (Angaco, San Juan, Argentina). The cellar room was selected for installing
the integrated system to capture CO2 from wine fermentation due to its 18 ◦C temperature.

The sterile mBBM stock solutions were mixed with water to a final volume of 12 L.
The final solution was sterilized by exposure to a UVC germicidal lamp for 20 min. The
photobioreactor and pipes were sterilized with 0.2% peracetic acid and then filled with the
mixture of culture medium and inoculum at 10% v/v (X0 = 1 × 106 cells/mL).

The photobioreactor was coupled to the 300 L wine fermentation tank with 150 L of
white grape juice. The inoculum concentrations employed in the fermentation trials were
2 × 106 cells/mL. The same commercial yeast inoculum was used, at the same concentration,
as in the microvinification trials. The focus of this study was not on defining the kinetics of
fermentation. As such, the fermentation process was operated by winery personnel, with
temperature and density (◦Bé) monitored daily to control fermentation performance.

The microalgae bioprocess was carried out for 15 days in batch mode. Duplicate sam-
ples were collected daily to monitor pH and cell concentration (using a Neubauer chamber).
The final total dry weight of the microalgal biomass was quantified by gravimetric analysis.
Ten milliliters of the culture was filtered onto pre-weighed glass fiber filters (pore size
1.2 µm). The filters were then washed with distilled water and dried in oven at 80 ◦C for
24 h until reaching a constant weight. The dry biomass of microalgae per unit of volume
(g/L) was calculated by the difference between the dry weight of the glass fiber filters plus
the dry biomass and the tare of the dry membrane, and then dividing this difference by the
sample volume [26].

2.4. Kinetic Modeling and Parametric Identification of CO2 Biocapturing Microalgae

With experimental data obtained from samples collected during laboratory-scale
microvinification and pilot-scale winery fermentation, growth curves were developed and
fitted to three mathematical models: the Logistic Model, the First Order Plus Dead Time
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Model (FOPDT), and the Second Order Plus Dead Time Model (SOPDT). A brief description
of each model is provided below:

- Logistic Model (LM): Also known as the logistic equation, this differential equation is
used to describe population growth within a limited environment [27]. Equation (1)
presents the standard form of the logistic equation:

dX
dt

= µmax

(
1 − X

Xmax

)
X; X(0) = X0 (1)

where dX/dt is the rate of change in microalgae population over time [g/L.day], µmax

denotes the intrinsic growth rate of the microalgae population [1/day], X represents
the microalgae population as a function of time [g/L or cells/L], Xmax is the maximum
microalgae population the environment can sustain [g/L or cells/L], and X0 is the initial
population at time t = 0 [g/L or cells/L]. This equation captures how population growth
slows as it approaches environmental limits, culminating in equilibrium. The general
solution to this differential equation is

X(t) =
Xmax

1 +
(

Xmax
X0

− 1
)

exp−µmax .t
(2)

This model is recognized for its robust fit to microbial growth data and has been
extensively employed in bioprocesses since its inception. It continues to be a cornerstone
model in numerous studies [28–30].

- FOPDT: This type of mathematical model describes the dynamic response of a sys-
tem using a first-order linear differential equation combined with a delay term [31].
These models are widely employed to describe dynamic systems in engineering and
process control, particularly in contexts involving system inertia or response delays.
Equation (3) shows the differential equation for this [32]:

dX
dt

+
X
Tp

=
1

Tp
Xmax(t − T0), X(0) = X0 (3)

where the function Xmax(t − T0) is defined by

Xmax(t − T0) =

{
Xmax f or t ≥ T0

X0 f or t < T0
(4)

This model has two parameters of time: Tp is the system time constant, which de-
termines the speed of the system’s response [day], and T0 is the delay in the system
input [day].

- SOPDT: The general description is similar to FOPDT, with the difference that this
model is represented by a second-order linear differential equation with a delay
term [31]. The SOPDT general form is shown in Equation (5):

d2X
dt2 +

(
1

Tp1
+

1
Tp2

)
dX
dt

+
X

Tp1Tp2
=

1
Tp1Tp2

Xmax(t − T0), X(0) = X0 ,
dX
dt

(0) = 0 (5)

where the function Xmax(t − T0) is defined by Equation (4), where d2X/dt2 is the second
derivative of the output variable with respect to time [g/L.day2], and where Tp1 and Tp2

are constant of time of the system [day]. Selecting appropriate parameters (Tp1, Tp2, Xmax,
and T0) is essential to accurately capture the system’s real behavior.



Fermentation 2025, 11, 58 8 of 17

Once the three mathematical models have been defined, it is necessary to quantify
how well each model fits the experimental data. This is typically performed by calculat-
ing goodness-of-fit statistics such as the coefficient of determination (R2). An R2 value
approaching 1 signifies that the regression model provides a very good fit to the data,
explaining a substantial portion of the variance in the dependent variable. A value of R2

close to zero reveals that the proposed model has a poor fit to the data, making it insufficient
for accurate predictions [33].

The optimal value for each parameter for each model (Xmax, µmax, Tp Tp1, Tp2, and
T0) was determined by applying a hybrid search algorithm developed by our research
group [18]. This parametric identification method combines two widely used techniques:
the Monte Carlo Algorithm [34] and the Genetic Algorithm [35]. The hybrid approach
leverages the exploratory nature of Monte Carlo sampling and the optimization capabilities
of Genetic Algorithms, combining their strengths to achieve robust parameter estimation.
The statement of the optimization problem consists of finding the best value of the math-
ematical model’s parameters that maximizes the performance index, J, which is equal
to R2:

max J = R2[
Xmax, µmax, Tp, Tp1, Tp2, T0

] (6)

subject to Equation (2) to Equation (5).
Figure 3 illustrates the proposed hybrid algorithm, outlining the sequence and inter-

play between the Monte Carlo and Genetic Algorithm components.
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Figure 3. Hybrid search algorithm sequence applied in this study. Monte Carlo Steps: 1. Define the
parameters to search, forming a vector called “individual”; 2. Determine the number of simulations
N = 100; 3. Assign random values to each parameter within a typical observed range; 4. Substitute
experimental X values and randomly assigned parameters into the respective model; 5. Calculate J;
6. Repeat Steps 3 to 5 until N iterations are completed. Genetic Algorithm Steps: 1. Selection: Starting
with the Monte Carlo-generated population (100 individuals), the top 20 individuals with the best J
values are selected to form the “parents” for the first generation; 2. Crossover: Here, 20 offspring are
produced by randomly selecting pairs from the parent set and performing single-point crossover on
random parameter positions; 3. Mutation: At this point, 40 mutations occur by selecting a random
individual and altering one random parameter; 4. Diversification: To prevent local maxima, 20 new
random individuals are generated, as in Monte Carlo; 5. New Generation: The new population
includes 20 parents, 20 offspring from crossover, 40 from mutation, and 20 random individuals;
6. Iteration: With 100 individuals in the new generation, J is calculated for each, and the process
(Steps 1–6) is repeated for L = 10 generations.
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This visual representation clarifies the algorithm’s design and optimization workflow.
This layout helps to visualize the flow from initial random sampling, through iterative
optimization steps like crossover and mutation, to the final selection process, allowing for
a comprehensive understanding of the algorithm’s design and intended functionality.

The software Matlab R2015a was used to test the fit of the mathematical models for
the microalgae kinetic growth.

3. Results and Discussion
3.1. Experimental Data, Mathematical Modeling, and Parametric Identification of Biological
Capture of CO2 at Laboratory Scale

According to the alcohol fermentation reaction (Equation (7)), 180 g of glucose is
converted to 88 g of CO2 or 44.8 L of CO2 under standard temperature and pressure (STP)
conditions (0 ◦C and 760 mmHg):

C6H12O6 → 2C2H5OH + 2CO2 + energy (7)

Since 1 L of grape must medium contained 205 g of glucose equivalent sugars, the
volume of CO2 anticipated to be produced from the complete conversion of sugars was
51 L. Consequently, the fermentation of 750 mL of grape must can potentially yield up to
38 L of CO2 or 74 g of CO2 (theoretical yield of CO2). Figure 4 shows the accumulated CO2

obtained in the microvinification assay.
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Figure 4. Production of CO2 generated in the microvinification at laboratory scale.

The maximum CO2 yield obtained in the assay, which peaked on day 21, was deter-
mined to be an average of 51.7 g (experimental or real yield of CO2). This experimental yield
represents 70% of the theoretical yield, a value lower than expected for several reasons:

- As a biological process, alcoholic fermentation is not the sole metabolic reaction; it is
often accompanied by other biological reactions leading to the production of various
metabolites, including glycerol, acetaldehyde, acetate, higher alcohols, esters, and
hydrogen sulfide [36];

- Furthermore, the gaseous nature of CO2 makes it challenging to measure without
experiencing some loss, leading to underestimations in the gravimetric measurement.

- Finally, regarding the environmental conditions of the experiment, a constant room
temperature of 25 ◦C was maintained, under which both wine fermentation and
microalgal growth occurred. This temperature was chosen to prioritize optimal mi-
croalgal growth, as yeasts can function adequately at this temperature, although
typical fermentation temperatures for white grape must range from 12 to 16 ◦C, which
would result in a substantial reduction in microalgal growth rates. In larger instal-
lations, wine fermentation tanks are usually equipped with cooling jackets. This
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technology allows for independent thermal control of the must, unlike the photobiore-
actor, whose operation is directly influenced by environmental conditions (such as
light and temperature).

In general terms, microalgal growth and CO2 utilization are constrained when CO2

concentrations in the aeration gas fall below 0.5% due to low solubility in water and
limited affinity of carbon fixation enzymes. Conversely, excessively high CO2 levels (above
6–12%) can also impede growth by disrupting the carbon concentrating mechanism, which
is essential for converting dissolved CO2 into the more readily utilizable bicarbonate
(HCO3

−) [37].
Analysis of Figure 4 indicates three distinct phases characterized by varying CO2

production rates: a rapid initial phase (days 1–5) with an average of 4.1 g CO2/day, followed
by a moderate phase (days 6–12) with 3.3 g CO2/day, and a final phase (days 13–21) with a
lower rate of 1.80 g CO2/day. These findings underscore the adaptability of microalgae to
dynamic CO2 regimes. While this flexibility is advantageous for integrated bioprocesses, a
more precise control of CO2 supply could be achieved through pressurized gas storage [38].
Given that CO2 capture and pressurization can result in substantial capital and operational
expenses, this aspect is beyond the scope of this study.

Whereas previous research has emphasized the importance of gradual acclimation
to low CO2 concentrations (1.1% and 3.3%) for improving microalgal tolerance [39], our
study adopted a unique approach. By mimicking the dynamic CO2 production of wine
fermentation, which resulted in a positive impact on the kinetic parameters compared to
cultures that were aerated with air not containing CO2 from fermentation (see Figure 5 and
Table 1), this novel strategy challenges conventional acclimation protocols and offers new
insights into microalgal responses to varying CO2 conditions.
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Figure 5. Comparison between the experimental data and mathematical models for microalgae cell
growth kinetics. (a) MCF: Microvinification—Chlorella spp. aerated with CO2 from fermentation;
(b) MCA: Microvinification—Chlorella spp. aerated with atmospheric CO2; (c) MDF:
Microvinification—D. spinosus aerated with CO2 from fermentation; and (d) MDA:
Microvinification—D. spinosus aerated with atmospheric CO2.
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Table 1. Parameters determined by the hybrid optimization algorithm.

Scale Culture
Mathematical Model’s Parameters

Logistic Model FOPDT Model SOPDT Model

Xmax µmax R2 Xmax Tp T0 R2 Xmax Tp1 Tp2 T0 R2

LAB

MCA 9.93 × 107 0.31 0.944 2.00 × 108 36.07 3.25 0.942 2.31 × 108 15.82 17.07 0.18 0.969
MCF 7.37 × 107 0.40 0.963 1.55 × 108 26.79 3.36 0.963 1.17 × 108 4.48 14.52 1.12 0.972
MDA 6.01 × 107 0.25 0.974 1.08 × 108 29.36 6.79 0.940 1.31 × 108 21.57 14.69 0.61 0.961
MDF 3.37 × 107 0.43 0.942 5.31 × 107 17.27 1.46 0.983 4.81 × 107 13.04 2.11 0.29 0.983

PILOT
WP1 1.08 × 107 0.56 0.921 1.30 × 107 7.83 0.70 0.982 1.00 × 107 1.81 2.42 0.74 0.983
WP2 1.07 × 107 0.56 0.988 1.51 × 107 10.32 1.61 0.953 1.20 × 107 5.47 1.61 1.13 0.972

While alcoholic fermentation primarily produces CO2 and ethanol, it also generates a
range of volatile organic compounds (VOCs) in small quantities, including higher alcohols,
organic acids, esters, aldehydes, and ketones. These compounds contribute to the sensory
quality of fermented beverages [40]. Previous studies have demonstrated that certain
microalgae species, such as Scenedesmus sp. and Chlorella vulgaris, can utilize organic acids
like acetate as carbon sources, leading to increased biomass yield [41–43]. This suggests
that certain VOCs generated during alcoholic fermentation could be sustainably used to
enhance microalgae cultivation. No evidence has been found to suggest that VOCs inhibit
microalgal growth.

The experimental data obtained from the laboratory-scale microvinification and win-
ery photobioreactor trials enabled the construction of cell growth curves for Chlorella spp.
(FAUBA-17) and D. spinosus (FAUBA-4). The microvinification tests were designed to
evaluate the growth performance of these microalgae species using fermentation-derived
CO2 from grape must. Chlorella spp. (FAUBA-17) demonstrated superior growth un-
der these conditions and was subsequently selected for pilot-scale CO2 capture in the
winery photobioreactors.

Growth curves from both the microvinification and winery-scale experiments were
used to fit three mathematical models: LM, FOPDT, and SOPDT, as can be seen in Figure 5).

The hybrid optimization algorithm determined the parameters for each model, as
summarized in Table 1.

During the microvinification trials, the behavior of Chlorella spp. (FAUBA-17) and
D. spinosus (FAUBA-4) differed markedly. Chlorella spp. (FAUBA-17) showed enhanced
growth with fermentation-derived CO2 compared to atmospheric CO2, as evidenced by
higher values of Xmax and µmax. These results confirm its suitability for integration into
winery processes at pilot scale. In contrast, D. spinosus (FAUBA-4) exhibited robust but less
pronounced growth across both conditions, with lower Xmax and µmax values compared to
Chlorella spp. (FAUBA-17). Such variation can be ascribed to the differential tolerance of
various microalgal species to varying CO2 concentrations [44], as well as to the different
mechanisms by which each species absorbs atmospheric CO2 [45]. Chlorella species are
effective at capturing CO2 and are particularly noteworthy for their high efficiency in
converting elevated CO2 levels into substantial biomass [46], as demonstrated in [47], where
they showed that Chlorella had a capacity for a maximum CO2 uptake rate of 0.412 g/L
per day, with a daily CO2 utilization reaching a maximum of 8.125 L. Regarding the use
of D. spinosus as an efficient CO2 capturer, species closely related to Desmodesmus and
Scenedesmus have demonstrated high tolerance to elevated CO2 levels, thriving at 15–20%
CO2 with biomass production reaching 0.67–1.11 g/L [48]. Our findings are consistent
with previous research, which has established Chlorella as a microalga with a high tolerance
for elevated CO2 levels. This, in turn, positions Chlorella as a promising candidate for
mitigating industrial CO2 emissions.
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3.2. Experimental Data, Mathematical Modeling, and Parametric Identification of Biological
Capture of CO2 from Fermentation Tank at Pilot Scale

The alcoholic fermentation, monitored by operators, started at 12.1 ◦Bé (equivalent
to 217 g/L of sugar) and ended at 5.4 ◦Bé (80 g/L of sugar) [49], resulting in a yeast
consumption of 137 g/L of sugar. Based on the stoichiometry of alcoholic fermentation
(Equation (7)), where two moles of CO2 are produced for each mole of glucose consumed,
and considering the molar masses of glucose (180 g/mol) and CO2 (44 g/mol), an estimated
66.97 g of CO2 was produced per liter of grape must. Theoretically, the fermentation of
150 L of grape must would yield 10,050 g CO2. However, considering a practical yield of
70%, as observed in microvinification, a production of 7840 g CO2 was estimated.

As shown in Figure 2, this gas generated during fermentation was directed to two
photobioreactors containing microalgae. Over a 15-day period, each photobioreactor
received a total of 3920 g or 1983 L of CO2.

One way to understand the behavior of CO2 from grape must fermentation in the
photobioreactors is through pH measurement, as it reflects its availability in the culture,
i.e., which inorganic carbon species in the bicarbonate buffer system (CO2(g), HCO3

− or
CO3

2−) predominates [4]. The pH range of the reactor cultures fluctuated between 7 and 7.4,
a range where there is an equilibrium between HCO3

− and CO2(g) species [50]. This clearly
shows that the large contribution of CO2 from fermentation was rapidly metabolized by
the microalgae, since no marked decrease in pH was observed, as would be expected if the
HCO3

− ion accumulated. During the final fermentation stage, as CO2 levels from the wine
fermenter decreased, the pH remained stable between 7.2 and 7.4. Notably, this decline in
CO2 did not adversely affect the growth of Chlorella spp.

The experimental data obtained from the photobioreactor pilot scale in winery enabled
the construction of cell growth curves for Chlorella spp. (FAUBA-17) (see Figure 6).
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At the winery scale, two independent photobioreactors were used for Chlorella spp.
(FAUBA-17) cultivation with fermentation-derived CO2. The growth curves from each
reactor were analyzed separately, and their corresponding parameters were fitted to the
models (see Table 1). The results revealed a high degree of consistency between the
reactors, with similar values for key parameters such as Xmax and µmax. This agreement
demonstrates the reproducibility of the cultivation process under the tested conditions,
further validating the reliability of the experimental setup and the accuracy of the applied
mathematical models.

Analyzing the parameters in Table 1, all three models provided a good fit to the
experimental data, as reflected in the consistently high R2 values across all conditions.
However, in most cases, the SOPDT model demonstrated superior performance, achieving
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the highest R2 values. This indicates its enhanced ability to capture both transient dynamics
and steady-state behavior with greater accuracy. Figure 6 illustrates the experimental and
modeled curves, showcasing the SOPDT model’s effectiveness in closely representing the
observed trends.

At the end of the experiment, an average biomass growth of 1.04 ± 0.05 g/L and
1.07 ± 0.1 g/L was recorded in Photobioreactors 1 and 2, respectively. These values fall
within the range reported in other studies of CO2 biocapture using microalgae such
as Chlorella vulgaris (1 g/L) [11] and Dunaliella tertiolecta (1.10 ± 0.05 g/L) [5]. The
results obtained in our pilot-scale study support the feasibility of this technology for
carbon fixation.

Excessive water evaporation represents a limitation in the performance of the vertical
column photobioreactor. The resulting solute concentration can cause osmotic stress in
the microalgae and negatively affect photosynthetic growth rates [51]. To address this, a
humidification column could be integrated to maintain optimal humidity levels within
the reactor.

A simple-to-operate and versatile photobioreactor was successfully constructed, offer-
ing boutique wineries in San Juan a practical solution for reducing their carbon footprint
and enabling the production of more sustainable wines.

The current literature highlights the potential of microalgae for mitigating wine indus-
try emissions and utilizing by-products [52]. While research has explored using winery
wastewater for microalgal cultivation [53–55] and sustainable wastewater treatment tech-
nologies [56], the integration of fermentation gases, such as CO2, directly into microalgal
cultivation systems has been largely unexplored. Previous studies have focused on alterna-
tive uses for captured fermentation gases, such as carbonated beverage production [38],
rather than utilizing them for microalgal growth. Our study is pioneering in this integration,
proposing an innovative approach that combines CO2 capture from alcoholic fermentation
with microalgae cultivation, contributing not only to the mitigation of greenhouse gas
emissions but also to the generation of valuable biomass for industrial applications.

The results of this study demonstrated that combining photobioreactors with yeast
fermentation provides a sustainable solution for capturing the CO2 emitted during wine
production. This approach enables microalgae cultivation, converting CO2 into valuable
biomass for the food, pharmaceutical, and cosmetic industries, contributing to climate
change mitigation.

4. Conclusions
This study highlights Chlorella spp. (FAUBA-17) as a promising candidate for CO2

capture in winery settings due to its enhanced growth performance with fermentation-
derived CO2, compared to D. spinosus (FAUBA-4). The reproducibility of cultivation in
winery-scale photobioreactors and the robust fit of growth data to the SOPDT model un-
derscore the reliability and precision of the experimental setup. These findings emphasize
the importance of selecting appropriate models to accurately describe microalgal growth.
While simpler models can offer a general understanding, the SOPDT linear model excels
in providing detailed dynamic characterization, particularly valuable in complex systems.
This capability is critical for optimizing CO2 capture processes in winery settings, enabling
more efficient integration of microalgae-based technologies into industrial operations and
contributing to sustainability goals by reducing carbon emissions.

The mathematical models and hybrid optimization algorithm presented in this work
offer a versatile framework for analyzing and predicting dynamic behavior in bioprocesses.
Their application is not limited to winemaking but can be extended to other fermentation
processes, bioreactors, and industrial scenarios where accurate growth modeling and
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parameter estimation are fundamental. By improving model accuracy and parameter
optimization, this approach can enhance process efficiency, reduce experimental costs,
and support the design of scalable systems in the biotechnology and food industries.
Furthermore, the potential economic savings and environmental benefits of adopting such
integrated systems underscore their relevance for industrial operations aiming to reduce
their carbon footprint.

For future work, we aim to continue developing our pilot-scale photobioreactor to
increase its capacity and optimize energy consumption. We also plan to isolate native
microalgae from San Juan and cultivate them in the photobioreactor, taking advantage of
their adaptation to local conditions and improving yields. Additionally, efforts will focus
on developing advanced control systems and exploring the integration of renewable energy
sources, such as solar power, to further enhance the sustainability of the system.

Finally, this study emphasizes the importance of interdisciplinary collaboration be-
tween scientists, engineers, and entrepreneurs to address the technical and economic
challenges associated with scaling up these technologies. Facilitating knowledge trans-
fer and innovation in the industry across disciplines will be key to overcoming barriers
to adoption and fostering widespread implementation of microalgae-based solutions in
the industry.
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