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Abstract: The objective of this research was to evaluate the biodegradation of municipal wastewater through the cultivation of Haematococcus
pluvialis in a 4-L airlift photobioreactor over a period of 14 days, establishing the relationship between growth kinetics and changes in the
rheological properties of the medium as a potential process monitoring strategy. To identify the ideal inoculum percentage, a unifactorial
experimental design was implemented, where tests were conducted at different levels to determine statistically significant differences between
them based on the biodegradation of organic matter. Three inoculum levels (5, 10, and 15%) were analyzed in 400 mL photobioreactors where
cell growth, total COD, soluble COD, and pH were monitored. Once in the airlift photobioreactor, changes in shear stress and apparent viscosity
were monitored in a range of 0.1-200 rpm, along with cell density growth and pollutant degradation (total COD, soluble COD, total nitrogen, and
total phosphorus) every 2 days for 14 days. Laboratory-scale experiments showed soluble COD removals exceeding 95%, with the 15% inoculum
level statistically showing the highest organic load removal. In the airlift reactor scale-up, a soluble COD removal percentage of 78% was achieved,
and concentrations and concentrations values below the maximum permissible limits established by Mexican regulations (NOM-001-SEMARNAT-
2021) were obtained for phosphorus and nitrogen content. The rheological monitoring showed an affinity to the Herschel-Bulkley model (R? >
0.99), with a decreasing trend observed in the consistency index (k), which decreased from 8.517 x 10~° to 1.453 x 107%, and an increasing trend
in the flow index(n), which rose from 1.583 to 1.905. This improvement is attributed to the reduction of soluble COD to values as low as 180 mg/L
and to the increase in microalgal biomass, which reached up to 1.3 x 107 cells/mL.

Keywords: Wastewater; H. Pluvialis; Rheological properties; Airlift reactor.

Introduction

In Mexico, the increasing generation of municipal wastewater constitutes a highly relevant environmental and public
health problem. It is estimated that 76.8% (215.5 m3/s) of the wastewater generated was collected in sewage systems,
of which more than 40% does not receive adequate treatment before being discharged into receiving bodies of water
(CONAGUA, 2022), which significantly contributes to the pollution of rivers, lakes, and aquifers. This situation is
aggravated by the limited efficiency of conventional treatment technologies, which present technical and operational
restrictions in the face of the increasing organic load and the presence of inorganic nutrients such as nitrogen and
phosphorus that cause eutrophication of the environment. Furthermore, these systems usually require high energy
demands because, in most cases, they require long periods of time to decompose complex organic compounds, which
limits their effectiveness (Rout et al., 2021).

Another major problem is that these processes generate polluting byproducts; for example, activated sludge systems
produce large volumes of residual sludge that require additional stabilization, dehydration, and final disposal processes
(Wu et al., 2022), which pose environmental risks if not properly managed. On the other hand, conventional biological
treatment generates greenhouse gases, mainly carbon dioxide (CO,), nitrogen oxides (NOy), and methane (CH,) derived
from the decomposition of organic matter. Taken together, these problems limit long-term sustainability and increase
the need for new treatment alternatives (Singh et al., 2017).

Given this scenario, wastewater treatment with microalgae has emerged as a promising alternative in wastewater
bioremediation processes due to its ability to assimilate organic and inorganic compounds, generate oxygen through
photosynthesis, and produce value-added biomass. In particular, Haematococcus pluvialis is a green microalga of high
biotechnological interest that has demonstrated a remarkable affinity for nutrients such as phosphorus and nitrogen,
as well as efficient biomass accumulation under controlled cultivation conditions during its vegetative phase (Pan et
al., 2021). This species is known for its production of extracellular polysaccharides (EPS), which can induce significant
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transformations in the rheological properties inside photobioreactors, in addition to promoting the aggregation and
sedimentation of suspended and colloidal compounds (Laroche, 2022; Wang et al, 2019).
While it has been shown that microalgae can grow in open environments, to obtain higher yields and better quality
biomass, it is suggested that their propagation be carried out in isolated reactors. The airlift type is an ideal
configuration to promote gentle but effective mixing without the need for moving parts; its hydraulic dynamics favor
the homogenization of the culture, improving the transfer of gases such as CO, and O, (Uyar et al., 2024). Furthermore,
it keeps the microalgal cells in suspension, reducing dead zones, preventing cell damage from shear stress, and
improving the overall efficiency of the process. These particular conditions of controlled flow and continuous aeration
can directly affect the rheological properties of the culture because as cell density increases and biomolecules such as
EPS accumulate, the apparent viscosity of the medium can increase, altering the flow profile (Adesanya et al., 2012).

Previous studies have shown that microbial and algal growth in alternative biodegradation systems for wastewater and
semi-solid waste can influence the rheological properties of culture media, suggesting their potential as indirect
monitoring tools (Gutiérrez-Casiano et al., 2022; Estrada-Garcia et al., 2023). However, the relationship between
rheology and growth kinetics in Haematococcus pluvialis has not been thoroughly investigated, particularly under the
complex conditions of municipal wastewater, which present both high organic load and compositional variability.

In this context, this study proposes the use of rheological characterization as a control and monitoring strategy for the
treatment of municipal wastewater with H. pluvialis, linking rheological changes to cell growth dynamics and the
reduction of organic load. It is proposed that changes in rheological properties, particularly in parameters such as the
consistency index (k) and the flow index (n) of the Herschel-Bulkley model, may be correlated with increased cell density
and the efficiency of removing dissolved organic matter (soluble and total COD). This approach not only allows for a
better understanding of the system's physical-biological dynamics, but it can also represent a practical and non-invasive
alternative for real-time operational decision-making.

Materials and Methods
Physicochemical and microbiological characterization of Municipal Wastewater (MWW)

Sampling was carried out using NMX-AA-003-1980 in a wastewater effluent within the flow of the "Rio Blanco" located
in the municipality of Mendoza, Veracruz, Mexico, with a weekly frequency and during the season known as the winter
drought in the period October-December. Physicochemical and microbiological characterization of municipal
wastewater (MWW) was carried out to determine its composition and contaminant potential. Sampling was
maintained until the physicochemical and microbiological parameters showed consistent values between consecutive
samples, with standard deviations within narrow ranges. This criterion was considered indicative of a constant
composition, ensuring a representative and characteristic profile of municipal wastewater during the winter dry season.

The characterization of the wastewater consisted of determining soluble COD (CODs) and total COD (CODy) using the
method of standard NMX-AA-030/1_SCFI-2012; the content of total solids (TS) and total volatile solids (TVS), total
nitrogen (TN) using the Kjeldahl method and total phosphorus (TP) were evaluated according to the Standard Methods
for the Examination of Water and Wastewater 23rd Edition (2017) (APHA et al., 2017), and the determination of pH by
the potentiometric method.

Experiments on the growth of H. Pluvialis

The microalga H. pluvialis was acquired from the company Algae Bank. Initially, the alga was propagated in M1B5
medium until a concentration of approximately 7.5 x 10° cells/mL was reached, sufficient to begin the adaptation and
growth experiments in MWW (Radice et al., 2024). Figure 1 shows the experimental setup for the growth of H. pluvialis
in MWW. To evaluate the efficiency of the bioremediation process, three inoculum levels (5%, 10%, and 15%) were
established in 400 mL photobioreactors with three replicates for each (n=4).

Photobioreactors with different inoculum levels were maintained under constant aeration conditions of 1.2 L/min,
constant temperature (20 *+ 2 °C), and white light at 1000 lux in 12:12 (light:dark) photoperiods. All experiments were
monitored every 3 days for a 14-day period, during which the following parameters were tracked: CODr, CODs, pH, and
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cell count. To identify the optimal inoculum percentage in the 400 mL photobioreactor trials, a unifactorial
experimental design was implemented, in which tests were carried out at different levels to determine statistically
significant differences among them based on the biodegradation of organic matter. Minitab 18.1 software was used
for the statistical analysis.

Figure 1. Bioconversion experiments using H. Pluvialis.

Cell density determination was performed using a Neubauer chamber, which has a central 1 mm? grid with 25 squares,
each composed of 16 smaller squares. Its standard depth with the coverslip is 0.1 mm, taking into account the volume
of the central quadrant: 1 mm?2 * 0.1 mm = 0.1 mm3 = 10™* mL. Therefore, cell density was determined using Equation
1, taking into account that 25 squares were counted for greater accuracy, and the dilution factor was added as needed.

. [cellsy number of cells * 250 000
cell density [ 1 ] = rumber of squares = number of cells * 10 000 (1)

Scaling up in airlift photobioreactors

The scaling up of experiments with H. pluvialis was carried out in a self-made airlift photobioreactor with a total volume
of 5.5 L and a functional volume of 4 L. Figure 2 shows the design of the photobioreactor, where commonly used design
parameters can be identified. It has been demonstrated that the correct proportion ratios favor efficient mixing, a
homogeneous environment, and healthy cultivation without the need for mechanical agitation (Zhang et al., 2014). The
main column has a height of 68 cm (h¢). The main column has a height of 68 cm (h.). The section where the gas and
liquid are injected and rise is called the riser, which consists of an internal concentric tube with a diameter of 0.75 in
(dgt) and a height of 51 cm (hg:). This tube, called the draft tube, was strategically placed 5 cm from the bottom of the
photobioreactor (hy) to allow fluid recirculation. The gas sparger was located in this area and operated at a flow rate
of 1.2 L/min.

Figure 2. Design and photo of the photobioreactor used in the process. Adapted from (Li et al., 2022)
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At the top of the photobioreactor, a distance of 5 cm (h:) was established between the top of the inner concentric tube
and the liquid level. In this area, the gas bubbles introduced to generate agitation and flow rise and are released,
resulting in a physical separation between the liquid medium (microalgae) and the unabsorbed gas. For this reason,
this area is called the gas-liquid separator zone (Behin & Amiri, 2023). In the part where there is no gas flow, the liquid
descends by gravity due to the density difference with the ascending zone; this zone is called the downcomer zone
(Mazziero et al., 2022).

To determine the inoculum percentage for scale-up in the airlift photobioreactor, the selected criterion was the ability
to achieve the maximum permissible limits of soluble COD (sCOD) removal in the shortest possible time within the
evaluated period (14 days), while simultaneously avoiding potential inhibition derived from excessive inoculum loads.
The light, ventilation, and temperature conditions remained the same as in the previous phase. Samples were taken
every 48 hours for 14 days to analyze the behavior of CODr, CODs, TN, TP, cell count, and rheological variables.

Rheological variable monitoring was performed using a Brookfield DV2T rotational viscometer with the ULA spindle.
Viscosity (cP), torque (%), shear stress (Pa), and shear rate (s™) values were recorded at different angular velocities,
initially in 1 rpm intervals up to 10 rpm, and subsequently from 10 rpm to 200 rpm. Shear stress was plotted against
shear rate to generate rheograms; these results were then fitted to the Herschel-Bulkley, Ostwald-de Waele, and
Newtonian rheological models (Equations 2-4). From these equations, rheological parameters were obtained, such as
the consistency index (k), the flow index (n), the yield stress (1), and the apparent viscosity (Pa-s).

T=k-y" (2)
t=10+(k-y") (3)
T=n"Yy (4)

Results and Discussion

The results of the physicochemical characterization of the municipal wastewater are shown in Table 1. It should be
noted that the pH can be considered neutral; this is due to several factors such as the presence of organic acids and
bases in the municipal wastewater, fostered by microbiological activity with aerobic and anaerobic bacteria which
produce carbonic acid and ammonia, causing a natural equilibrium tending to self-regulate the medium at a neutral pH
(Huang et al., 2021). The pH value obtained in this study is within the range reported by Pérez-Guzman et al. (2024),
who mention that for municipal effluents the pH reached a value of 8.19; this parameter in both cases remained within
the permissible range according to Mexican regulations (NOM-001-SEMARNAT-2021).

Table 1. Physicochemical characterization of municipal wastewater.

Parameter Units Average value Standard
Mww deviation
PH - 7.90 £0.23
TS mg/L 2066 +160
VTS mg/L 1701 +145
cob mg/L 2592 +324
Soluble COD mg/L 785 +123
hl meg/L 17 0
™ mg/L 32 4

The wastewater showed high values of CODr and CODs (2595 mg/L and 785 mg/L respectively), which is attributed to
the dry season during which the samples were taken. Both values were above the maximum permissible limit, as were
the total suspended solids, indicating a high organic load. The values obtained are similar to those reported by Ata et
al. (2021), where average COD values of 2367 mg/L were reached in the June—November period and the sampling
points were located at the inlet of untreated water from different treatment plants.
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A TN concentration of 32 mg/L was obtained, which is within the range of 30-35 mg/L reported in the literature for
municipal wastewater (Tang et al., 2023). The amount of TN is directly related to the urea content in human urine,
which is a typical component in the composition of this effluent and increases the nitrogen present, mostly in the form
of ammonium (Simha et al., 2023). The TP content found was 17 mg/L, higher than that reported in the literature (Han
et al., 2021) in the range of 4.3-5.5 mg/L. This is attributable to the high content of detergents and cleaning products,
which contribute synthetic phosphates (Azam & Finneran, 2013). Nitrogen and phosphorus are considered pollutants
that promote the eutrophication of water bodies, causing an imbalance in the ecosystem; however, in bioremediation
systems using microalgae, these nutrients are consumed and tend to be the main precursors of cell growth and
development (De Moraes et al., 2023).

Figure 3a shows the growth assays of H. pluvialis in MWW, where a similar cell density is observed at the beginning of
the experiments in the 3 inoculum levels; however, statistically significant differences were found, indicating that a
higher cell density was achieved with the 5% inoculum. The exponential growth phase was found to begin on day 10,
where a deceleration in the increase of cell density is observed with the highest inocula (10% and 15%). The tendency
of the lower inocula to reach higher cell concentrations is recurrent in wastewater bioremediation systems, as
mentioned by Sales-Pérez et al. (2023b), where they used N. oculata for the treatment of poultry wastewater, varying
the amount of inoculum at 3 levels (10%, 15%, and 20%), obtaining higher cell densities with the lower inoculum, while
the higher inocula showed inhibition. This is generally attributed to the fact that in inocula with high volumes, nutrients
(P, N, and C) are consumed quickly and with greater competition (Khalid et al., 2018). Another factor to consider is that
in systems with high cell density, light access to the culture is reduced, mainly in the area of the photobioreactor walls,
producing a self-shading effect inside, generating inefficient nutrient consumption and producing growth inhibition
(Jeong & Jang, 2021).

(a) (b)
Figure 3. (a) Cell growth kinetics of H. pluvialis in MWW, (b) pH values determined during the growth of H. pluvialis.

Microalgae exhibit their highest growth rate in culture media with a pH between 7.0 and 8.4, a range in which
bicarbonate (HCOs™) constitutes the predominant form of available inorganic carbon (Onyeaka et al., 2021). Figure 3b
shows the variations in pH values during the experiment with the 3 inoculum levels. Similar behavior was found for all
three inoculum levels, where from day 2 onwards there was an increase in pH until day 6. From that day until the end
of the experiment, fluctuations between 10 and 8.5 were recorded. This tendency to alkalinize the medium is
characteristic of microalgae systems and is directly related to the assimilation of carbon present in the wastewater by
the microalgae. During the photosynthesis process within photobioreactors, microalgae rapidly fix CO2 in a reaction
that initiates the Calvin-Benson cycle, ultimately producing carbohydrates (Amaro et al., 2023). This CO2 removal
reaction shifts the carbonate system equilibrium, favoring the dissociation of bicarbonate (HCO3™) and carbonate
(CO3*), which generates hydroxyl ions and causes alkalinization of the medium, as shown in equations 5 and 6 (Abdel-
Raouf et al., 2012).

2(HCO3) —» CO%™ + H,0 + CO, (5)

CO2~ + H,0, - 20H™ + CO, (6)
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Microalgae treatments promoted the biodegradation of organic pollutants, converting them into simpler molecules
and using the assimilated carbon for their growth and development (Zhou et al., 2022). Figure 4a shows the COD
removals during the experiments with the 3 inoculum levels, which removed concentrations between 64-74% of COD,
similar to those reported by Abdel-Raouf et al. (2012) who obtained 67% COD removals for biological systems in
wastewater treatment using microalgae. In the removal of total COD, it is common to find a point in these types of
systems where it no longer decreases; this may be due to a combination of several factors, such as the cell lysis process
due to the stress caused by the aeration system, which causes the release of intracellular content, compensating for
the preliminary COD reduction (Qiu et al., 2017). Furthermore, it should be mentioned that in the stationary phase of
cell growth, an equilibrium is reached between the COD removal rate and the biomass generation rate (Sobolewska et
al., 2024), which is organic matter susceptible to degradation, which may explain why no considerable COD reduction
occurred after day 8. Regarding the statistical analysis, no significant differences were observed in tCOD removal among
the three inoculum levels evaluated (one-way ANOVA, p > 0.05, n = 4). Post-hoc comparisons (Tukey’s test) confirmed
the absence of statistically significant pairwise differences. This lack of significant differences may be explained by the
fact that tCOD includes both soluble and particulate organic fractions; while inoculum size can enhance the
biodegradation of soluble organic matter, the particulate fraction tends to be less biodegradable and largely unaffected
by inoculum concentration. Consequently, variations in inoculum percentage exerted only a minor influence on overall
tCOD removal efficiency.

(a) (b)
Figure 4. Behavior of the removal of (a) CODr (b) CODs.

Soluble COD (COD;) is mainly composed of dissolved organic compounds and low molecular weight colloidal material
(Ptuciennik-Koropczuk & Myszograj, 2019). Figure 4b shows the removal of CODs with the different inoculum
concentrations evaluated, where a decreasing trend was observed from day 2 onwards, with removals of up to 70% for
all experiments. Between days 2 and 10, fluctuating behavior was observed, with no significant changes in COD levels.
Finally, after day 12, in all cases a decrease is observed until levels below the maximum permissible levels established
in NOM-001-SEMARNAT-2021 (dotted line) are reached, obtaining a total removal of 92% - 99% for the 3 inoculum
levels. However, statistically significant differences (p < 0.05, one-way ANOVA, n = 4) were observed among the
inoculum percentages evaluated. Post-hoc analysis (Tukey’s test) revealed that the highest COD, removal percentages
were obtained with 15%, which is consistent with the findings of Gentili (2014) who obtained a 92.7% removal of COD,
using Scenedesmus sp. in municipal wastewater combined with industrial wastewater. The decrease in COD in
microalgae systems is caused by various factors, one of the main ones being the generation of EPS during microalgae
metabolism. These compounds promote coagulation and the formation of flocs of colloidal particles; this new solid
fraction is removed using mechanical operations such as centrifugation or sedimentation, thus reducing the COD
concentration in the liquid phase (Xu et al., 2023).

Among the tested conditions, the 5% inoculum promoted the highest cell concentration, whereas the 15% inoculum
achieved the greatest sCOD removal. However, only the 10% inoculum simultaneously ensured compliance with the
regulatory discharge limits within the experimental timeframe in the shortest period, without exceeding biomass levels
that could compromise reactor stability. Based on this predefined criterion, the 10% inoculum was selected for the
scale-up experiments.
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Figure 5a shows the results obtained in the airlift photobioreactor with H. pluvialis for the bioremediation of municipal
wastewater; the green line shows cell growth and the blue line shows the decrease in CODs over 14 days. The cell
growth curve shows that the 0-6 day period was an adaptation phase; after that, a maximum concentration of 1.3 x 10’
cells/mL was reached. Robles-Heredia et al. (2016) reported a similar maximum growth of 1.18 x 107 cells/mL of
Chlorella vulgaris in an 11 L airlift photobioreactor. However, in this case, a lower cell concentration was obtained
compared to experiments with 400 mL photobioreactors. This result is a common phenomenon when scaling up
biological systems and can be explained by several interrelated factors affecting the availability of light, gases, and
nutrients (Benner et al., 2022; Xu et al., 2009).

Figure 5a shows the behavior of CODs during the 14 days of experimentation in the bioremediation system with the
airlift-type photobioreactor. A significant decrease in COD, was observed from day 2 until reaching values close to the
maximum permissible limits from day 12, and by day 14 a maximum removal of 80% was achieved. This reduction can
be explained by a series of synergistic mechanisms of a biological and physicochemical nature that operate
simultaneously during the process. Firstly, during microalgal photosynthesis, CO, is used for biomass generation and
the production of molecular oxygen (O). The O, acts as a terminal electron acceptor for heterotrophic bacteria that
degrade dissolved organic compounds of low molecular weight such as volatile fatty acids, simple carbohydrates, and
hydrosoluble proteins (Mathew et al., 2022). This is complemented by the secretion of EPS, which, as already
mentioned, act as natural flocculants that also promote the coagulation of colloidal particles, that is, they transform
the COD;s into a particulate fraction that is easily removed by sedimentation or filtration.

(a) (b)

Figure 5. Behavior of the bioremediation process using H. pluvialis within the airlift FBR: (a) Removal of CODs and cell growth; (b)
Consumption of TP and TN.

The reduction of TP and TN in bioremediation systems represents a key component for the efficient treatment of
wastewater, especially given the need to comply with environmental regulations in order to counteract eutrophication
(Whitton et al., 2015). Figure 5b shows the decrease in concentration of TP (black line) and TN (red line), where removal
percentages of 77% and 89% were obtained, respectively, both complying with the maximum permissible limits
established by Mexican regulations (NOM-001-SEMARNAT-2021). It should be noted that this process was carried out
under conditions characteristic of maintaining the vegetative phase of H. pluvialis, which favored the assimilation and
consumption of these nutrients because, in this physiological phase, it has a high demand for nutrients to sustain the
synthesis of essential biomolecules (Nahidian et al., 2018). In this study, the greatest reduction in phosphorus and
nitrogen was observed during the active growth phase (between days 10-14), indicating that removal was mainly
dominated by biological processes. Firstly, the nitrogen presents in the municipal wastewater in the form of ammonium
(NHz*), nitrate (NO3~), and other organic forms, was incorporated by the microalgae for the synthesis of amino acids,
proteins, nucleic acids, and pigments (Vega, 2018). On the other hand, phosphorus is absorbed as orthophosphate
(PO4*") and used in the formation of ATP, membrane phospholipids, and nucleic acids through phosphorylation (Su,
2020).

It has been demonstrated that the design of the photobioreactor directly influences the efficiency of bioremediation
systems that use microalgae for wastewater treatment (Fu et al., 2019). The proposed design configuration and
parameters allowed for continuous and smooth mixing, which prevented the presence of dead zones and cell shearing,
and also promoted homogeneous distribution of light and nutrients. This increased the efficiency of the cultivation and
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reaction conditions, allowing the processes of organic matter degradation, cell growth, and nutrient consumption to
develop more efficiently, especially compared to static or poorly aerated systems.

In wastewater bioremediation systems that use microalgae, the incorporation of monitoring and control tools is
fundamental to increasing process efficiency. In this context, rheology emerges as a valuable tool for evaluating the
real-time state of the microalgal culture and its influence on the operation of the photobioreactor. This perspective is
especially relevant in airlift-type photobioreactors, where the movement of the culture depends exclusively on the flow
dynamics induced by aeration. Figure 6a shows the flow curves of the initial and final samples extracted from the
photobioreactor during the bioremediation process. An increase in shear stress is observed in the final sample (blue
line) compared to the initial sample due to the increase in biomass concentration during the photobioreactor's
operation period. As the microalgae grew, a denser and more structured medium was generated. This higher cell
concentration implies a greater resistance to flow, which translates into a higher shear stress, shifting from near-
Newtonian to non-Newtonian behaviors.
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Figure 6. Initial and final rheological monitoring during the bioremediation process: (a) Rheogram (b) Apparent viscosities.

Figure 6b shows the apparent viscosity profiles of the initial and final samples from the microalgae treatment in the
airlift photobioreactor. An increasing trend in apparent viscosity was observed in the final sample. It has been
demonstrated that a moderate increase in apparent viscosity can be interpreted as a positive indicator of the process,
as it evidences active growth, high cell productivity, and possible capture of dissolved organic matter in the liquid phase
(Attar et al., 2023). This behavior, accompanied by initial, intermediate, and final variations in rheological parameters
such as the consistency index (k) and the flow index (n) obtained from correlations with the models, allows the
establishment of process control zones where the system is identified as having reached its maximum efficiency in both
contaminant removal and biomass production. Similarly, the analysis of these parameters facilitates the determination
of critical operating conditions that indicate the appropriate time to perform biomass extraction, thereby avoiding
system saturation or losses in treatment efficiency.

The results of the rheological variables according to the commonly used models are shown in Table 2; the flow index n
was greater than 1 in all the samples analyzed, therefore they were considered dilatant. In this case, the Herschel-
Bulkley model had the correlation coefficient closest to unity, and therefore provided the best fit to the data. An
increasing trend in the flow index n was observed during the sampling period, reaching a maximum value of 1.905 on
day 14. This suggests that as microalgal biomass accumulates, these structures compact and reorganize under agitation,
causing an increase in apparent viscosity at higher deformation rates. This behavior is similar to that reported by
Gutiérrez-Casiano et al. (2022), who conducted a rheological monitoring of wastewater bioremediation from a poultry
processing plant using Chlorella vulgaris in an airlift photobioreactor over 16 days. In the three samplings recorded
(initial, intermediate, and final), the index n increased during the first 8 days of the process, which was related to the
exponential phase of cell growth. In the last sampling, a slightly lower n value was recorded compared to the
intermediate value, attributable to the decrease in cell-to-cell interactions and the generation of EPS due to the cell
death phase. Therefore, an increase in n can be considered an indirect indicator of the accumulation of active biomass
and the structural complexity of the system.
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Table 2. Rheological parameters during the biodegradation process

Day Model Ty K n R?
Ostwald de Waele - 8.517e-005 1.583 0.9937
0 Newton - 0.001792 - 0.9356
Herschel Bulkley 0.01985 3.186e-005 1.758 0.9974
Ostwald de Waele - 8.831e-005 1.573 0.9918
2 Newton - 0.001754 - 0.9347
Herschel Bulkley 0.02242 2.845e-005 1.773 0.9968
Ostwald de Waele - 9.607e-005 1.554 0.9933
4 Newton - 0.001729 - 0.9388
Herschel Bulkley 0.01907 3.725e-005 1.721 0.9970
Ostwald de Waele - 9.657e-005 1.564 0.9884
6 Newton - 0.001834 - 0.9325
Herschel Bulkley 0.02860 3.047e-005 1.764 0.9963
Ostwald de Waele - 0.0001231 1.517 0.9871
8 Newton - 0.001828 - 0.9385
Herschel Bulkley 0.02894 2.309e-005 1.818 0.9947
Ostwald de Waele - 0.0002362 1.422 0.9736
10 Newton - 0.002139 - 0.9405
Herschel Bulkley 0.04577 2.884e-005 1.758 0.9872
Ostwald de Waele - 0.0001213 1.521 0.9817
12 Newton - 0.001839 - 0.9334
Herschel Bulkley 0.03566 1.961e-005 1.844 0.9938
Ostwald de Waele - 0.0001264 1.520 0.9792
14 Newton - 0.001905 - 0.9313
Herschel Bulkley 0.04199 1.453e-005 1.905 0.9949

The correlation between the flow index (n) and cell density revealed a logarithmic relationship (equation 7), as shown
in Figure 7a, with a determination coefficient of R?> = 0.9182. This strong correlation suggests that the rheological
behavior of the treated effluent within the reactor is closely associated with the development and accumulation of
microalgal biomass. Specifically, the increase in cell density from 1.7 x 108 to 1.2 x 107 cells/mL resulted in a progressive
rise in the flow index from 1.74 to 1.90. The logarithmic fit highlights that the greatest variations in the flow index occur
at lower cell densities, whereas at higher concentrations the system tends to stabilize.

In a microalgae-based bioremediation system, a decrease in the consistency index (k) has been demonstrated to be a
positive indicator of the removal of colloidal organic matter from wastewater (Schneider and Gerber, 2014). The
consistency index remained constant in the range of 3 x 10~ — 2.3 x 107 during the first 10 days of the process;
however, from day 12 to day 14, it decreased to a value of 1.453 x 107°. These values can be related to the results
obtained from the decrease in COD, since between days 2 and 10 the values fluctuated between 500 mg/L and 400
mg/L, until days 12 and 14, when a downward trend was observed. The behavior of this correlation is shown in Figure
7b, where the relationship between the consistency index (K) and the CODs concentration exhibited a logarithmic fit
(Equation 8) with a correlation coefficient of R? = 0.8144, indicating a consistent association between both variables.
Nevertheless, the R? value lower than 0.9 suggests that the relationship is not fully explained by soluble COD
concentration alone. This can be attributed to the fact that organic matter comprises both biodegradable and non-
biodegradable compounds, the latter being metabolically unavailable but potentially contributing indirectly to the fluid
viscosity. At the beginning of the process, the microalgal biomass primarily consumes biodegradable organic
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compounds; however, as the process progresses, the degradation rate decreases due to the predominance of non-
biodegradable organic matter and only a minor fraction of biodegradable compounds.

y=0.0463In (x) +1.1221 (7) y=1e—-05In(x) — 4e — 05 (8)
(a) (b)

Figure 7. Correlation of (a) Flow index with cell density (b) Consistency index with CODs.
Conclusions

The MWW proved to be a suitable medium for the growth of H. pluvialis. Furthermore, adaptation tests showed that
at low inoculum concentrations, inhibition phenomena caused by high substrate competition and self-shading are
avoided. On the other hand, in the 400 mL photobioreactor experiments for the 3 inoculum levels evaluated, the
organic matter content was effectively reduced, achieving removals greater than 64% of total COD and 92% of CODs.

During the scale-up in the airlift photobioreactor, removals close to 80% of CODs were obtained, and effective
consumption of N and P was achieved, with both parameters remaining below the maximum permissible ranges
according to Mexican regulations (NOM-001-SEMARNAT-2021). This confirms that the implementation of the airlift
photobioreactor with the proposed configuration favored the optimal development of the culture, increasing the
efficiency of pollutant removal and cell productivity.

The rheological monitoring carried out simultaneously with the kinetics of pollutant removal showed a dilatant
behavior (n>1) characteristic of systems that use microalgae, and the affinity for fitting with the Herschel-Bulkley model
allowed for establishing relationships of change with the rheological parameters of consistency index (k) and flow index
(n). Monitoring these variables offers an indirect but robust approach to evaluate the physiological state of the culture,
biomass accumulation, and the efficiency of soluble organic matter removal, which makes rheology a strategic control
tool for the wastewater treatment process with the microalga H. Pluvialis.
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Abstract: This article analyzes the costs associated with the manufacturing processes of prototype blades, each measuring 2 meters in length and
featuring a NACA 0015 aerodynamic profile, with different structural configurations for a 1 kW H-type vertical axis wind turbine (VAWT). The
research identifies the material costs and mass of the blades in order to optimize their manufacturing and achieve efficient performance. The
objective is to improve resource efficiency in both research and industrial processes. Two manufacturing methods are evaluated: hand lay-up
molding (Prototype A) and vacuum-assisted resin transfer molding (VARTM, Prototypes B and C). The evaluation criteria included manufacturing
cost, weight, and quality. Prototype A, a single-piece blade with an EPS core, showed the lowest mass (5.11 kg) and cost, though it required
significant surface repairs due to resin slippage, which could affect aerodynamic performance. Prototypes B and C, produced by VARTM with a
double-shell design, achieved superior surface quality and a controlled fiber-to-resin ratio (100:50). Prototype B weighed 5.81 kg, while Prototype
C, reinforced with a polyurethane core for greater rigidity, was the heaviest at 7.22 kg. However, their manufacturing costs were considerably
higher: 215% (B) and 312% (C) compared to Prototype A, mainly due to the use of specialized materials. The results highlight the trade-offs
between cost, mass, and quality, offering a reference for the development of structurally efficient and economically viable VAWT blades for urban
applications. The conclusions are especially relevant for guiding future design and manufacturing decisions for VAWTSs intended to operate in
challenging environments characterized by turbulent and low-speed winds.

Keywords: VAWT, composite materials enhancement, VARTM procedure, blade manufacture, cost analysis.
Introduction

Wind energy is one of the most important sources of renewable energy worldwide. The two primary configurations of
wind turbines used to harness wind energy are Vertical Axis Wind Turbines (VAWTSs) and Horizontal Axis Wind Turbines
(HAWTSs). Each configuration has its own advantages and disadvantages. The main advantages of VAWTs over HAWTs
include their omnidirectionality—allowing them to capture wind from any direction—as well as their suitability for
lower wind speeds and urban environments. In addition, VAWTSs offer a more compact design, generate lower noise
levels, and are generally easier to maintain. On the other hand, the design of VAWTs can result in higher structural
stress and significant torque fluctuations, which may affect their reliability and lifespan. Nevertheless, continued
investment in VAWT technology has the potential to drive innovations that enhance efficiency, durability, and cost-
effectiveness while reducing environmental impact. Such advancements could open new markets and complement
existing wind technologies, ultimately contributing to a more diverse and resilient renewable energy landscape.

Since the development of the Savonius and Darrieus types of VAWTSs in the 1930s, several alternative designs have
emerged in pursuit of higher efficiency, including the H-rotor and the helicoidal rotor. The first wave of experimental
research, prototype testing, and commercial models took place during the 1980s and 1990s, with the introduction of
the O-type VAWT rotor. By 2010, commercial H-type VAWT rotors were deployed for small-scale electricity generation
(Stoevesandt et al., 2020). In recent years, renewed interest in VAWTs has emerged, with two major applications being
identified: advancements in offshore installations and the development of small-scale VAWTs designed for highly
turbulent environments, such as urban areas.

The new interest in VAWT technology is towards offshore applications due to the great wind potential at sea, allowing
the development of this type of technology on a large scale and taking as a reference the offshore wind energy
installation prospects in Europe for 2023-2027 with a capacity of 129 GW (Brandetti, 2024). Some research has been
conducted on the challenges due to the harsh environment, as well as on the analysis of experimental prototypes
(Ghigo et al., 2024), studies on the design of floating offshore wind turbine platforms (Edwards et al., 2024), innovative
design of a lightweight modular floating foundation for offshore VAWTSs to reduce operating costs (Boo et al., 2023),
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and on the development of numerical design and analysis tools to ensure engineering for aero-hydro-servo-elastic
simulations of VAWT (Devin, 2023).

With the new challenges to mitigate energy deficiency in areas with little infrastructure and even for the development
of “smart cities” or the implementation of smart grids, the development of smart wind farms with VAWT has been
chosen, specifically in areas where there is a low wind speed or high turbulence. Nowadays, several commercial models
of VAWT are marketed, manufacturing components (such as blades) with some conventional materials such as
aluminum and composite materials, both with advantages and disadvantages according to the operation conditions.

VAWT applications in turbulent environments such as urban and rural areas have great potential on a large-scale to
supply power to buildings, street lighting or to store energy for use in other small applications. Additionally, some
research has been developed to improve current technology. These research include the development of a design
methodology to understand the effect of geometrical parameters in the performance of VAWT (Cuevas-Carvajal et al.,
2022), improving the aerodynamic efficiency of VAWT with numerical simulations of new blade designs without an
expensive manufacturing process (Mendoza and Bernhoff, 2020), a proposals of roof top building modifications based
on CFD analysis for the installation of VAWTSs to increase wind energy harvesting in urban areas (Juan et al., 2024),
structural optimization of H-type VAWT rotor to reduce blade mass and avoid peak stresses and strain limits (Marzec
et al., 2023) and optimizing efficiency using fixed deflector fins by reducing production materials and maximizing annual
energy production (AEP) (Marinié¢-Kragi¢ et al., 2022), including algorithms that define an optimal structural design of
the blade with the parameters of laminate thickness, reinforcement orientation, Fiber-to-Volume Fraction (FvF), resin
matrix and number of reinforcement layers (Geneid et al,. 2022).

Efforts have been made to optimize aerodynamic performance, develop new prototypes, optimize costs, develop
simulation tools, and develop new design and manufacturing methodologies to achieve new applications with VAWT
technologies. In this work, an analysis is shown to find a balance between material costs and low mass criteria for a
VAWT that could take advantage of low speeds with good long-term performance. The aim is to save resources in
manufacturing processes at the research and industrial level.

Furthermore, this report serves as a model for those developers such as research centers, academia, small industry,
and independent developers who in their work carry out manufacturing processes of small wind turbines, in such a way
that they can take it as a reference to delve into the cost. The long-term goal is to replicate a final design for urban
applications with high turbulence environments and low wind speeds, ensuring a good structural design of VAWT
blades with a service life in accordance with the IEC 61400-2: Small wind turbines (IEC, 2013).

Materials and Methods
. Background
Composite materials

Composite materials are formed by combining two or more constituent elements, primarily a matrix and a
reinforcement, to enhance their mechanical properties. The most common hand-made composite materials are
Polymer Matrix Composites (PMCs), Metal Matrix Composites (MMCs), and Ceramic Matrix Composites (CMCs). These
materials can be tailored to achieve specific mechanical properties by carefully selecting their constituents,
proportions, distribution, structural arrangement, interfacial composition, and other factors (Chawla, 2019).

The reinforcement is typically in fiber form, being the most common glass fiber; Its primary function is to support loads
along the longitudinal direction while providing minimal strength in the transverse direction. Structural reinforcements
are E — glass (electrical), C — glass (chemical) and R, S or T — glass (ballistic applications) (Gurit, 2016). Other forms
include carbon, aramid, ceramics, boron, polyester or natural fibers (Chawla, 2019).

The matrix in composite materials can take various forms, including epoxy, polyester, and vinylester. These matrices,
commonly referred to as polymers, consist of long chain-like molecules made up of repeated units, often called
synthetic resins or simply resins. Resins are generally classified into two types: thermoplastics, which undergo a
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reversible process (e.g., nylon, ABS, polypropylene), and thermosets, which undergo a non-reversible process (e.g.,
epoxy, polyester) (Gurit, 2016).

Applied loads and stresses are primarily transmitted along the reinforcements, while the matrix protects the

reinforcements from environmental degradation and maintains their position within the composite structure (see
Figure 1) (Alvarado, 2023).

Figure 1. Schematic representation of the general composition of a composite material (matrix and reinforcements).
The Fiber Volume Fraction (FvF) is defined as the ratio of the total volume of reinforcements to the overall volume of
the composite material. This parameter is important because it influences the strength and stiffness of the composite
and depends on the reinforcement structure (e.g., type of weave) as well as the manufacturing process.
Glass fiber reinforcements in wind industry
For wind energy industry applications, the most widely used are continuous fibers. These reinforcements have a

commercial presentation in the form of a ply, where these reinforcements are woven to create a ply with a specific
orientation according to application requirements. Typical orientations are shown in Figure 2:

Unidirectional: 0° or 90° Bidirectional: 90°/0° Biaxial: £45° Triaxial: Quadraxial:
+45°/0° or 90°/+45° +45°/90°/0°

Figure 2. Typical orientation of continuous fiber reinforcements (Gurit, 2016).
Resin Matrix in wind industry

Thermoset epoxy resins are widely used in the wind industry, in the manufacturing and repairing processes for wind
turbine blades, thanks to their excellent manufacturing flexibility and mechanical properties (KUKDO, 2011).

l. Process definition

Several production processes exist in wind industry to obtain the final product. These processes can be classified into
open molding and closed molding as shown in the Table 1:
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Table 1. Manufacturing methods with composite materials (Lee et al., 2021).

Open molding Closed molding
e Hand lay-up e Pre-preg
e Filament winding e  Resin transfer molding (RTM)
e Sprayup e  Vacuum infusion

e  Compression molding
e Pultrusion

The Wind Energy Innovation Laboratory at CIATEQ has the infrastructure to carry out two types of manufacturing
processes with composite materials: the hand lay-up and the Vacuum Assisted Resin Transfer Molding (VARTM). The
VARTM process is widely employed in the production of wind turbine blades, ranging from small to large scales.

Hand lay-up process

In this process, the resin is manually poured over the fiberglass layers and then distributed across the entire surface
using impregnation rollers. This process is among the most cost-effective in the industry, as it requires relatively few
consumables, tools or specialized equipment, and the primary materials are inexpensive. However, achieving proper
lamination requires skill to ensure uniform fiber impregnation and to avoid excessive application of the resin matrix.

VARTM process

This process requires a mold with the shape of the component and consumables as depicted in Figure 3. The general
steps of this process are as follows:

Step 1: Prepare the mold surface (1) before applying the fiberglass layers with release film, then place the
tacky-tape (2) over the perimeter on the mold surface.

Step 2: Stack the fiberglass layers (3) according to the laminate drawings.

Step 3: Place the consumables on the laminate according to the infusion diagrams; peel-ply (4), runner (5), inlet
and outlet hose (6,7).

Step 4: Tape the vacuum-bag (8) with the tacky-tape (2), make sure there are no gaps that allow air to enter.
Step 5: Connect the outlet hose (7) with the vacuum pump (9,10) to extract the air from inside the vacuum-bag
(8) by compacting the stacked fiberglass layers (3).

Step 6: Perform a vacuum test before allowing the entry of epoxy resin.

Step 7: Mix the epoxy resin (11) and connect directly to the inlet hose.

Step 8: Control the process infusion (12) until all the fiberglass layers are completely impregnated.

Step 9: Control the temperature for the curing process

Step 10: Demolding, trimming, dimensional control and painting process.

Figure 3. Elements of a VARTM process.
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1. Experimental Set-up

The experimental configuration for this work was designed to compare the costs associated with two manufacturing
methods for the fabrication of a blade model (see Table 2 for characteristics of the VAWT blade): Hand lay-up process
(Prototype A) and VARTM process. The VARTM method was further evaluated in two variants: Prototype B (without
shear web) and Prototype C (with shear web). The evaluation criteria considered included manufacturing cost, weight
and quality associated to each process. According to a previous study, weight is an important factor in achieving a low
starting torque at low wind speeds for the design of a 1 kW VAWT (Vidal-Flores y Hernandez-Arriaga, 2024).

Prototypes A, B, and C utilize continuous E-glass fiber reinforcements oriented in unidirectional (0°) and biangular
(+45°/-45°) configurations. The reinforcement fibers were supplied by SAERTEX, a commercial brand providing
materials for wind energy applications in Mexico. The resin matrix was supplied by KUKDO CHEMICAL HQ. The details
of the manufacturing process are described in the following sections.

Table 2. General characteristics of the VAWT blade.

Characteristic Data

Blade span 2m

Airfoil NACA 0015
Chord 20cm

Fiberglass, epoxy resin and structural

Materials : :
adhesive, cores and coating.

Prototype A — Hand Lay-Up Manufacturing Process

The manufacturing method for Prototype A involves using an expanded polystyrene (EPS) core covered with a biaxial
fiberglass (BX-FG) layer impregnated with epoxy resin, as illustrated in Figure 4. This process results in the fabrication
of a single-piece VAWT blade.

Figure 4. Structural design of Prototype A.

The hand lay-up manufacturing process for prototype A is described as follows:

A-1) Prototype A — Core Preparation (EPS Material)

A piece of EPS, corresponding to the full blade length (2 m), is shaped using wooden templates representing the NACA
0015 airfoil profile at each cross-section. Lateral wooden panels are also attached to form a bolted frame, as illustrated
in Figure 5-(a). The EPS core is then cut using a hot wire guided by the wooden profiles on both the upper and lower
sides, resulting in a finished EPS core with a total mass of 1.1 kg.

A-2) Prototype A — Laminate Application
The EPS core is covered with biaxial fiberglass (BX-FG) oriented longitudinally to ensure proper epoxy resin
impregnation and uniform adhesion of the fibers across the entire surface of the core, as illustrated in Figure 5-(b).
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(a) (b)
Figure 5. (a) Wood guides for EPS core, and (b) Biaxial fiberglass on EPS core.

The mass of the BX-FG before resin impregnation is 0.71 kg, calculated as the product of the layer’s area density and
total surface area, as shown in Equation 1. An additional 3 cm is added to the width of the BX-FG layer to ensure
complete coverage of the EPS core. The biaxial fiberglass (BX-FG) has a standard surface density of 830 g/m?, according
to the manufacturer SAERTEX.

mgp_rc = (0.83kg / m?)(2m)(0.43m) = 0.71 kg (1)

In a manual lamination process, an additional percentage of epoxy resin must be considered, as this method provides
less control over resin impregnation and the fiber volume fraction (FvF).

Prototype A — Epoxy resin impregnation and curing

A-3) The total epoxy resin matrix used for Prototype A is 1.2 kg, including an allowance for excess. After manual
impregnation, the prototype is placed in a curing oven. This curing process, conducted at a constant temperature of
80 °C for 10 hours, ensures optimal mechanical properties of the composite. The curing parameters follow the
recommendations of the resin manufacturer, KUKDO CHEMICAL HQ (KUKDO, 2011).

Prototype A — Surface finishing

A-4) Once the curing procedure is done, the surface imperfections must be examined, considering a repairing process
on the surface of prototype A due to the sliding of the epoxy resin matrix by the effects of gravity. A rough surface is
obtained by the fiberglass filaments, which affects the aerodynamic performance (Bai et al., 2014).

For the repairing process, a layer of epoxy filler is applied to the surface, which must cover the defects without
modifying the aerodynamic surface. The total mass of the epoxy filler for prototype A is 1.45 kg.

A-5) To protect the composite from degradation by solar radiation a coating is necessary, the painting process uses a
polyurethane paint. The total coating mass is 0.65 kg, which is applied with a paint spray gun. The list of materials for
prototype A is shown in Table 3.

Table 3. List of materials for prototype A

Material Commercial data

BX-FG SAERTEX X-E-830 gsm (SAERTEX, 2022)
Epoxy resin matrix KUKDO epoxy systems (KUKDO, 2011)

EPS core FANOSA EPS

Epoxy filler -

Coating Polyurethane paint COMEX (COMEX, 2024)
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Prototype B — VARTM Manufacturing Process

In Prototype B, the blade is composed of two separate parts: an upper shell (shell 1) and a lower shell (shell 2), which
are bonded together using an epoxy structural adhesive. Unidirectional fiberglass (UD-FG) with an area density of
1180 g/m? and biaxial fiberglass (BX-FG) with an area density of 830 g/m?, both supplied by SAERTEX, were used in the
design of this prototype (see Figure 6).

Figure 6. Structural design of prototype B.

Prototype B — Mold preparation

B-1) For the manufacture of Prototypes B, a master plug and mold were created. The master plug was fabricated from
MDF sheets, which were bonded with glue to form an MDF block. This block was then machined using a CNC machine

to produce the surface profile of the blade, see Figure 7-(a). The mold was subsequently created from the master plug,
see Figure 7-(b).

(a) (b)
Figure 7. (a) Master plug machined with CNC machine, and (b) Mold for 1 kW VAWT blade.
B-2) The structural lamination for prototypes B consists of 4 layers of fiberglass per shell, with careful control of the

filament orientation in each layer. Lamination begins with three layers of biaxial fiberglass (BX-FG), followed by a final
layer of unidirectional fiberglass (UD-FG) placed directly on the mold surface, as illustrated in Figure 8.

Figure 8. Reference alignment system for fiberglass layer lamination.
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The total mass of the dry fiberglass layers is 1.55 kg for each shell. The mass of a single BX-FG layer is 0.35 kg, while the
UD-FG layer has a mass of 0.5 kg.

Prototype B — VARTM process Set-up

B-3) After stacking the fiberglass layers, the consumables required for the VARTM process are positioned, as shown in
Figure 9-(a). Based on a fiber volume fraction (FvF) of 100:50 for the infusion process, the total mass of the epoxy resin
matrix is 0.78 kg per shell. During resin infusion, any vacuum-bag leaks should be checked and minimized before
allowing the epoxy resin to enter the mold, see Figure 9-(b).

(a) (b)
Figure 9. (a) Consumables for the VARTM process, and (b) Vacuum-bag leakage inspection.

B-4) After the resin infusion is complete, each shell is placed in an oven for curing at 80 °C for 10 hours. Once the shells
are fully cured, the consumables are removed in preparation for the trimming process, see Figure 10.

Figure 10. Inspection of the surface of the shell prototype B.

B-5) A bond line of epoxy structural adhesive, with a total mass of 0.5 kg, is applied along the inner perimeter of Shell
1. Shell 2 is then placed over Shell 1, carefully aligning the leading and trailing edges, and uniform pressure is applied
across the entire surface to ensure proper bonding. Similar to the curing of the epoxy resin matrix, the epoxy structural
adhesive undergoes a curing process in an oven at 80 °C for 10 hours.

B-6) During the bonding process, some epoxy structural adhesive bled around the blade. This excess material must be
carefully removed without altering the blade geometry, particularly at the leading and trailing edges.
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The total mass of the coating is 0.65 kg, the same amount as prototype A. The list of materials for prototype B is shown
in Table 4.

Table 4. List of materials for prototype B.

Material Commercial data

UD-FG SAERTEX U-E-1180 gsm (SAERTEX, 2022)

BX-FG SAERTEX X-E-830 gsm (SAERTEX, 2022)

Epoxy resin matrix KUKDO epoxy systems (KUKDO, 2011)

Epoxy structural adhesive HEXION EPIKOTE™ MGS™ BPR 135G-Series (HEXION/Westlake Epoxy, 2023)
Coating Polyurethane paint COMEX (COMEX, 2024)

Prototype C— VARTM Manufacturing Process

Prototype C involves the integration of a shear-web element by replacing the EPS core of Prototype B with a
polyurethane (PU) core. This modification results in an increase in weight due to the added structural adhesive and
epoxy resin. Prototype C follows the same four-layer fiberglass lamination as Prototype B. This PU core functions as a
shear-web, providing an additional bonding point and enhancing the stiffness of the blade, as illustrated in Figure 11.
The PU core includes an internal fiberglass bridge that further increases the stiffness of the composite structure
(SAERTEX, 2022).

Figure 11. Structural design of prototype C

C-1) The manufacturing process of Prototype Cis identical
to that of Prototype B. After stacking and aligning the
three BX-FG layers on the mold, the PU core is placed prior
to adding the UD-FG layer, which is aligned with the pitch
axis of the blade and centered on the PU core. The PU core
has a geometry of 2 m in length, 75 mm in width, and
10 mm in thickness, as illustrated in Figure 12. The PU core
is covered with a UD-FG layer, verifying that it does not
move from its position. The PU core has a density of 214
kg/m3, this material gives an extra mass to the entire shell
of 0.32 kg.

The total mass of a BX-FG layer is 2.1 kg and for UD-FG it Figure 12. PU core lamination of prototype C.
is 1.4 kg. The total mass of the dry fiberglass layers is 3.5
kg for the entire shell.
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C-2) Based on a fiber volume fraction (FvF) of 100:50 for the infusion process, the total mass of the epoxy resin matrix
for each shell is 1.75 kg. The VARTM process was performed following the same procedure as for Prototype B, using
the same consumable arrangement for resin infusion and a curing process of 10 hours at 80 °C for each shell.

C-3) or Prototype C, bond lines of epoxy structural adhesive were applied to the inner surface of Shell 1. The first bond
line was applied along the perimeter, and the second bond line was applied along the PU core section, as illustrated in
Figure 13. The second bond line provides adhesion with Shell 2 and simulates the shear-web within the blade. The total
mass of structural adhesive used is 1.0 kg. The curing process was carried out at 80 °C for 10 hours. Shell 2 is then
placed over Shell 1, and uniform pressure is applied across the entire surface to ensure proper bonding. Any excess
epoxy structural adhesive that bled around the edges is removed during the trimming process. A complete list of
materials used for Prototype C is presented in Table 5.

The total mass of the coating of prototype Cis 0.65 kg, the same amount as prototype A.

Figure 13. Epoxy structural adhesive bond lines.

Table 5. List of materials for prototype C.

Material Commercial data

UD-FG SAERTEX U-E-1180 gsm (SAERTEX, 2022)
BX-FG SAERTEX X-E-830 gsm (SAERTEX, 2022)
Epoxy resin matrix KUKDO epoxy systems (KUKDO, 2011)
PU core SAERfoam © 80 Series (SAERTEX, 2022)

HEXION EPIKOTE™ MGS™ BPR 135G-Series
(HEXION/Westlake Epoxy, 2023)
Coating Polyurethane paint COMEX (COMEX, 2024)

Epoxy structural adhesive

Results and Discussion
Mass results

Based on the data obtained from each manufactured prototype, the total mass of each prototype is presented in the
Table 6.

Comparing the mass of individual materials and the total mass of each prototype, Prototype A is the lightest at 5.11 kg,
Prototype B has a total mass of 5.81 kg, and Prototype C is the heaviest at 7.22 kg. The difference in mass between
Prototype A, manufactured manually, and Prototype B, produced using the VARTM method, represents an increase of
approximately 13%; while the inclusion of the internal reinforcement in Prototype C results in an increase of
approximately 41%.
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Table 6. Comparison of materials masses for prototypes A, B and C.

Material Prototype A Prototype B Prototype C
UD-FG - 1.00 kg 1.40 kg
BX-FG 0.71 kg 2.10 kg 2.10 kg
Epoxy resin

1.20k 1.56 k 1.75k
matrix & & &
EPS core 1.10 kg - -
PU core - - 0.32 kg
Epoxy filler 1.45 kg - -
Epoxy
structural - 0.5kg 1.00 kg
adhesive
Coating 0.65 kg 0.65 kg 0.65 kg
Total 5.11 kg 5.81 kg 7.22 kg

Comparing Prototypes B and C, the increase in mass is attributed to the additional UD-FG layer, the increased epoxy
resin required for the PU core, the PU core itself, and the second bond line. Prototype C has approximately 24% greater
mass than Prototype B, considering that both prototypes were fabricated using the VARTM process and with a
controlled fiber volume fraction (FvF) of 100:50.

Furthermore, the integration of the shear-web component in Prototype C results in a twofold increase in the mass of
epoxy structural adhesive.

Cost analysis

The commercial materials used in the manufacture of these prototypes are considered specialized, as they are intended
for wind industry applications and are certified by Det Norske Veritas (DNV) and Germanischer Lloyd (GL). Mexico does
not have domestic manufacturers capable of supplying these materials; consequently, the associated costs are higher
compared to other countries and relative to standard commercial fiberglass and resin matrices.

Based on the list of materials for each manufactured prototype, the corresponding cost percentages are presented in
Table 7.

Table 7. Comparison of manufacturing cost percentages for Prototypes A, B, and C. Costs referenced to 2024

Material Prototype A Prototype B Prototype C
UD-FG 0% 12% 17%
BX-FG 9% 27% 27%
Epoxy resin matrix 67% 87% 97%
EPS core 6% 0% 0%

PU core 0% 0% 7%
Epoxy filler 3% 0% 0%
Epoxy structural adhesive 0% 74% 148%
Coating 15% 15% 15%
Total 100% 215% 312%

When comparing the cost of each prototype, Prototype A is used as the cost reference. From this, it can be deduced
that Prototype B costs more than twice as much as Prototype A, while Prototype C is nearly three times the cost. The
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difference between Prototypes B and C is approximately one-third, which accounts for the inclusion of the PU core and
the corresponding increases in structural adhesive and UD fiberglass.

According to Table 7, the epoxy resin used in Prototype A is the most expensive component. For Prototype B, the costs
are distributed between the resin and the structural adhesive. In contrast, for Prototype C, the resin accounts for
approximately one-third of the total cost, while the structural adhesive represents nearly half of the total cost. This
could be one of the reasons why hundreds of thousands of euros are invested in Europe for research and technological
development of structural adhesives for use in composite materials in the offshore energy and aerospace industries
(Budzik et al., 2021). From the same table, it can be observed that the costs associated with the cores (EPS and PU) and
the epoxy filler have a minimal impact on the total cost, while the coating is consistent across all prototypes. A notable
difference lies in the number and type of fibers required to ensure structural strength, which is beyond the scope of
this document.

Based on the hand lay-up and VARTM processes for blade manufacturing, several key characteristics of each process
can be identified, as summarized in Table 8.

Table 8. Comparison of the VAWT blade prototype manufacturing process.

Parameter Hand lay-up process VARTM process

Mass For the hand lay-up process (Prototype A), the In the VARTM process, the FvF ratio is
fiber volume fraction (FvF) ratio used was 100:169, maintained at 100:50, and this relationship can
meaning that for every 100% of fiber mass, an be effectively controlled by the vacuum applied
additional 169% of resin mass was required. during the infusion setup. In other words, 100%
Therefore, any prototype manufactured by the of the fiber mass is complemented by only 50%
manual method will primarily depend on the of the resin mass.
determination of its reinforcement mass (UD and
BX fiberglass).

Costs and This method does not require specialized Structural fiberglass (continuous fiber

materials laboratories, equipment, or tools. It also allows the  reinforcements) and consumables significantly

use of non-structural fibers (short fiber
reinforcements) and different types of resins (e.g.,
polyester).

increase the manufacturing cost. In addition, the
VARTM process requires a specialized facility
equipped with tools and equipment such as
vacuum pumps, a trimming room, a curing oven,
and a storage room for materials.

Manufacturing

The manufacturing time is relatively short. For

For the VARTM process, the manufacturing time

time Prototype A, the total manufacturing time was 32 of each prototype (B and C) was 48 hours, as this
hours, including the surface repair with epoxy filler  method involves more steps in blade fabrication.
and the painting process. Prototype C required an additional 2 hours due
to the integration of the PU core.
Surface For Prototype A, surface repair was necessary The VARTM process delivers a shell with fewer
quality because the epoxy resin slid due to the effects of defects, requiring only minor repairs, as shown in

gravity before curing, as shown in Figure 14-(a).
This repair increased the mass to 1.45 kg,
generating an imbalance.

Figure 14-(b).

In addition, the vacuum bag ensures uniform
impregnation of the epoxy resin matrix into the
glass fiber layers.
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(a)

(b)
Figure 14. (a) Hand lay-up external surface quality, and (b) VARTM external surface quality.

Conclusions

This research compared the mass, cost, and surface quality of three VAWT blade prototypes, manufactured using both
hand lay-up and Vacuum Assisted Resin Transfer Molding (VARTM) processes, with the goal of identifying the material
costs and mass of the blades in order to optimize their manufacturing process.

Key findings regarding mass indicated that Prototype A, produced via hand lay-up with an EPS core, was the lightest at
5.11 kg. Prototypes B and C, both manufactured using the VARTM process, were successively heavier. Prototype B,
without a shear web, weighed 5.81 kg, an approximate 13% increase over Prototype A. Prototype C, which incorporated
a polyurethane (PU) core as a shear web, was the heaviest at 7.22 kg, representing an increase of about 41% compared
to Prototype A and 24% compared to Prototype B. The added mass in Prototype C was attributed to the additional
unidirectional fiberglass (UD-FG) layer, increased epoxy resin for the PU core, the PU core itself, and a twofold increase
in epoxy structural adhesive mass for the second bond line.

In terms of cost, the hand lay-up process (Prototype A) was the most economical, serving as the cost reference (100%).
The VARTM process significantly increased manufacturing expenses, with Prototype B costing 215% and Prototype C
nearly three times as much (312%) as Prototype A. Specialized commercial materials, not domestically manufactured
in Mexico, contributed to these higher costs. For Prototype A, the epoxy resin was the most expensive component. In
contrast, for VARTM prototypes, the costs were distributed between the epoxy resin matrix and, notably, the epoxy
structural adhesive, which accounted for almost half of Prototype C's total cost due to the shear web integration. Cores
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(EPS and PU) and epoxy filler had a minimal impact on the total cost, while coating costs were consistent across all
prototypes.

Regarding manufacturing process characteristics and quality, the hand lay-up method (Prototype A) required less
specialized equipment and was generally faster (32 hours) but resulted in a rough surface due to gravity-induced resin
sliding, necessitating surface repair with epoxy filler and leading to a high resin-to-fiber ratio (FvF of 100:169).
Conversely, the VARTM process (Prototypes B and C) yielded shells with superior surface quality and fewer defects,
largely due to uniform resin impregnation ensured by the vacuum bag and controlled FvF (100:50). However, VARTM
required specialized facilities, more consumables, and a longer manufacturing time (48 hours for B and 50 hours for C),
contributing to its higher cost.

This study underscores a critical trade-off between manufacturing cost and blade mass. While hand lay-up offers a cost-
effective solution for lighter blades, it compromises on surface quality and precise material control. VARTM, though
more expensive and resulting in heavier blades (especially with structural enhancements), delivers superior quality and
better material utilization, which are vital for enhancing efficiency and durability. The significant cost contribution of
structural adhesives highlights an area for future research and development to potentially reduce overall
manufacturing expenses in high-performance composite applications, echoing investment trends observed in Europe.
Ultimately, the choice of manufacturing process should align with the specific performance requirements and economic
constraints of VAWT applications, particularly those intended for challenging urban environments or offshore
installations.

Considering that the criteria for selecting the optimal option are manufacturing quality, low cost, and minimal mass,
based on the findings of Vidal-Flores and Hernandez-Arriaga (2024), which show that lower blade mass enables rotor
start-up at lower wind speeds, Prototype B was selected as the best option for the fabrication of an H-type VAWT rotor,
with an average mass of 5.81 kg per blade. It is important to mention that the mechanical characterization of the
proposed blades through static and dynamic tests is part of another practical study aimed at confirming theoretical
concepts. The VARTM process allows for standardized and more controlled surface quality improvements compared to
the hand lay-up method, which relies on manual lamination and must be adapted for each individual piece.
Furthermore, the cost of Prototype B could potentially be reduced by approximately 30% through a redesigned
manufacturing process, which is currently under investigation and includes a patent proposal for ultralight, one-shot
blades to be reported in future work.

Other options to enable the development of VAWT blade designs with different materials, such as natural fibers (sisal,
flax, hemp, jute, etc) are under research focusing on reuse after their life cycle. The goal remains to reduce costs and
implement advanced technologies in composite manufacturing processes, while also introducing a circular economy
for VAWTSs. This approach aims to make these turbines more accessible and affordable for use in urban environments.
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Abstract: This study evaluates the performance of a tubular biodigester operating in psychrophilic conditions, incorporating plant lianas as biofilm
support to improve the anaerobic digestion of bovine manure. A 12 m? biodigestion system was constructed in Chachapoyas, Peru, and loaded
with a manure:water mixture (1:5). Physicochemical parameters, the production and quality of biogas, were monitored, and the study applied
the Gompertz model to describe the kinetic behavior. The results show that, despite operating at average temperatures of 16.95 °C, the system
reached its hydraulic retention time (HRT) in just 15 days, generating 3 m* of biogas with a daily production of 0.2-0.3 m3. Purification reduced
HS by 75 % and purified methane reached 68.18 %, its suitability for domestic energy use. The Gompertz model adequately adjusted the data
(R?=0.9992), projecting a potential production of 3.89 m3. The use of plant biofilms improved microbial retention and process stability, suggesting
a low-cost solution with high replicability in cold rural areas.

Keywords: lianas, HRT, Gompertz, methanogenesis, biofertilizers
Introduction

Biogas, composed mainly of methane and carbon dioxide, is generated by anaerobic digestion (AD), a microbiological
process that decomposes organic matter in the absence of oxygen (Ni, 2024; Gerardi, 2003). This technology
contributes to mitigating climate change by capturing methane (CH,) generated during AD, preventing its release into
the atmosphere, where it has a global warming potential 23 times greater than CO, (Rivas-Solano et al., 2016), with a
mitigation potential of up to 200 MtCO,eq per year (Rodriguez-Jiménez et al., 2022). This aligns with energy
sustainability objectives by partially replacing fossil fuels and reducing emissions associated with their use.

AD is carried out in biodigesters, airtight containers that create anaerobic conditions (Ni, 2024). Their application in
rural areas is efficient due to the availability of biodegradable substrates, their low cost and versatility, allowing the
treatment of agricultural, food and livestock waste, the generation of clean energy and the reduction of solid waste
(Aridi &Yehya, 2024).

In addition, biodigesters generate by-products such as biol and biosol, used as organic fertilizers, improving agricultural
yields and rural income (Barrena et al., 2019; Marti-Herrero et al., 2014). Although this technology was introduced in
Latin America in the 1970s and 1980s, its consolidation has occurred recently, with successful results in rural
communities (Garfi et al., 2016).

There are three main types of small-scale biodigesters: fixed dome, floating drum, and tubular. Fixed dome digesters,
often buried to reduce construction costs, experience variations in pressure and efficiency due to changes in
temperature and volume (Kinyua et al., 2016). In contrast, tubular biodigesters (Taiwanese model) use inexpensive
materials such as polyethylene or heat-sealed PVC, incorporate external gasometers, and are common in rural areas,
where they operate with volumes of 6 to 10 m3 (Kinyua et al., 2016; Njoki et al., 2013; Barrena et al., 2019; Ferrer et
al., 2011).

The efficiency of anaerobic digestion is strongly dependent on temperature. In cold environments, microbial activity is
reduced, leading to the accumulation of volatile fatty acids and lower biogas production (Riau et al., 2010; Kashyap et
al., 2003). This challenge is relevant in high Andean regions, where temperatures fluctuate between -15 and 20 °C and
extreme events such as frost and cold occur (Alvarez & Lidén, 2008; Poveda et al., 2020), affecting health, livestock,
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and crops, especially in areas such as southern Peru and the Bolivian Amazon (Marengo et al., 2012; Chavez &
Takahashi, 2017).

Anaerobic digestion relies on microbial communities that carry out the stages of hydrolysis, acidogenesis, acetogenesis,
and methanogenesis (Abendroth et al., 2020). The use of biofilms on plants or synthetic supports improves microbial
retention, enhancing the production and stability of biogas in cold climates (Gong et al., 2011).

This study evaluates a tubular biodigester operated under psychrophilic conditions, using lianas as biofilm support to
optimize AD with 1:5 diluted bovine manure. Biogas production, composition and efficiency were analyzed using the
modified Gompertz model, demonstrating the viability of this low-cost technology in cold rural areas.

Materials and Methods

Study Area

The experimental site was located on the central campus of the Universidad Nacional Toribio Rodriguez de Mendoza
de Amazonas — UNTRM (Figure 1), in Chachapoyas, Peru (6°14'1.3" S; 77°51'7.6" W). The city has a variable climate,

with temperatures ranging between 11°C and 26°C, with maximums of 21°C in November and minimums of 7.5°C in
August. The highest rainfall occurs in March, with 136.7 mm/month (SENAMHI, 2025).

Figure 1. Location of the experimental site
Biogas production system

The biogas production system was designed according to the criteria of Barrena et al. (2019) and included a biodigester,
a gasometer and a purification and control panel (Figure 2).
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Figure 2. Biodigestion system

The tubular biodigester was built with 1.0 mm thick PVC geomembrane, with a diameter of 1.27 m, a length of 10 m
and a total volume of 12 m3. It had connections for loading, discharging biol and biosol, as well as a top output of biogas
by through a nipple and a 1" stopcock.

The gasometer was built with 1 mm thick PVC geomembrane, with dimensions of 1.50 m x 3 m and a volume of 3 m3.
It had a 1" PVC threaded nipple and a 1" stopcock for the inlet and outlet of the biogas. The biogas purification and
control panel was consisted of two heavy PVC pipe cartridges 2" and 50 cm long, with reductions to 1/2" at both ends,
connected to a bridge with a valve to eliminate condensate water. Each cartridge was filled with 2.5 kg of 2" iron nails
and iron sponges at both ends, to remove hydrogen sulfide (H,S).

The pressure gauge was constructed with a U-shaped 1/4" PVC hose, partially filled with water, whose height difference
indicated the biogas pressure. To regulate it, a 3 L plastic bottle with water up to 3/4 of its volume was used, into which
the pipe was inserted, marked with grooves every centimeter to facilitate reading.

Installation of lianas as biofilms

Lianas are perennial, herbaceous or woody climbing plants with long and thin stems, their leaves are simple and
alternate. These plants are found mainly in Tropical America, widely distributed in tropical and temperate regions (Xu
& Chang, 2017).

The lianas were collected in Villa Cocoché (Camporredondo, Luya, Amazonas; 6°11'32" S; 78°19'14" W) and transferred
to the experimental site. They were dried for a month to facilitate spherical weaving. Eighty structures were made in
the form of bundles or compact baskets of approximately 10 cm in diameter, fixed to a rope with a 5 cm separation
between them.

Before installing the biodigester in the pool, the spherically intertwined lianas were introduced using the rope attached
to a 1/2" PVC pipe. This assembly was carefully inserted through the loading and unloading holes of the biodigester,
ensuring adequate internal distribution of the lianas within the system.
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Operating Parameters

For the loading of the biodigester, cattle manure from the UNTRM stable was used as substrate, mixed with water in a
1:5 ratio. To load 9 m3, 45 cylinders of 200 L were prepared, each containing 33.3 kg of manure. Although the mixture
was calculated based on weight, the ratio corresponds to 1:5 by volume, considering that the density of manure is close
to 1 kg/L (Aremanda et al., 2023), meaning that for each part of manure five parts of water were added. The loading
was carried out daily with 4 cylinders, and was completed in 12 days. Subsequently, anaerobic digestion was allowed
to produce biogas and biofertilizers (biol and biosol).

To measure ambient and biodigester temperature, four Data Loggers Yowexa SSN22ET were installed: at the inlet,
center (10 cm deep) and outlet of the biodigester, and outside, on the structure of the gasometer. They recorded
temperature every 15 minutes, from 6:00 a.m. to 6:00 p.m., throughout the process until the hydraulic retention time
(HRT) was reached. Then, the temperatures of the three points in the biodigester and the environment were averaged.
After completing the loading of the biodigester, a sample of the manure-water mixture was collected and its pH was
measured with a portable multiparameter meter (model 3620 IDS, WTW brand), which measures the acidity/alkalinity
of the substrate on a scale of 0 to 14.

To measure the volume of biogas produced, a diaphragm-type meter G1.6 was installed on the purification board,
connected to the 1/2" PVC pipe by two universal joints of the same diameter. This high-precision, low-pressure drop
equipment is widely used for reliable measurement of low natural gas flow rates. When the biodigester dome reached
its gas capacity, the biogas composition was evaluated using the Multitec 545 equipment to measure CH,, CO,, O,, H,S
and CO. The measurements were made at two points: upstream of the purification panel and at the connection
between the gasometer and the pipe to the kitchen.

The hydraulic retention time was defined as the period, in days, from the loading of the biodigester with the manure-
water mixture to the observation of biogas accumulation in the biodigester and gasometer. This value was compared
with the one estimated by the formula proposed by Barrena et al. (2019), based on the ambient temperature
conditions, as presented in equation 1:

HRT = —44.705 In(T) + 160.394 (1)
Where T represents the ambient temperature of the location where the biodigester is installed.
Mathematical modelling of cumulative biogas production
The modified Gompertz model, commonly used to model biogas production because it describes the sigmoidal

dynamics of biological processes, was applied (Ofon et al., 2025) . This model allows researchers to identify the lag
phase, exponential growth and stabilization, using equation 2:

max

B(t) = B,z * €Xp (—exp (Rén te (»—t)+ 1)) (2)

Where B(t) is cumulative biogas production at time t, By, is theoretical cumulative biogas production, R, is maximum
biogas production rate, X lag time or lag phase, and e Euler number.

The Gompertz model was projected up to 40 days, the standard reference value in psychophilic processes with bovine
manure. In mesophilic conditions, HRT typically varies between 20 and 40 days, especially when using dry or diluted
manure (Song et al., 2023).

Energy yield of biogas

The evaluation of energy yield was carried out upon reaching the maximum HRT, using the biogas stored in the
gasometer. A two-burner stove adapted for biogas was used, connected by a steel reduction from 1/2" to 3/8" and
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secured with a clamp. Potatoes, eggs and water (common foods in rural families) were cooked, and the system recorded
the time and volume of biogas consumed.

Results and Discussion
Operating and productive parameters of the biodigester

The operating conditions of the biodigester with liana-based biofilm support were evaluated. Table 1 summarizes the
main physical, chemical and productive parameters recorded during the anaerobic digestion process.

Table 1. Parameters obtained in the production of biogas.

Category Parameter Value Unit Remarks
Manure-water ratio 1:5 - Initial mix ratio
Operating Ambient temperature 19.91 °C External conditions
conditions Biodigester temperature 16.95 °C Thermal efficiency
pH 7.49 - Optimal range for methanogenesis
Retention Time Design 34 Days Based on the'oretical d.esign
Real 15 Days Observed in operation
Initial Volume (First 15 Days) 3 m3 Accumulated
Daily production 0.2 m¥da Average after stabilization
Biogas production y P /day &
Initial pressure 12 cm Water column
Daily pressure 2.4 cm Water column

The 1:5 ratio (manure:water) is commonly used because it improves substrate fluidity, facilitates microbial activity, and
reduces clogging. In addition, it optimizes biogas production by increasing the accumulated volume and improving its
combustion quality (Tian et al., 2023). Proper dilution also improves the physical conditions of the system and its energy
performance (Hadiyanto et al., 2023).

The average ambient temperature was 19.91 °C, as the experiment was carried out in September and October, during
the dry season in Chachapoyas, which generates warmer days (Rascon et al., 2021). However, this value indicates a low
mesophilic range, close to the optimal lower limit for anaerobic digestion (20-45 °C) (Feghhipour et al., 2024).

The internal temperature of the biodigester was 16.95 °C, indicating low psychrophilic conditions. Although mesophilic
conditions are more favorable owing to the higher microbial diversity than thermophilic digesters (Liu et al., 2022), low
temperatures reduce microbial activity and affect optimal biogas production (Hadiyanto et al., 2023; Liu et al., 2022).

Despite the suboptimal temperatures, the use of biofilm as structural support favored biogas production by providing
a stable environment for microbial growth (Wu et al., 2023). Biofilms improve gas absorption, facilitate metabolic
interactions (Zhang et al., 2025), and allow biomass to be retained in the reactor for longer, sustaining its performance
(Cayetano et al., 2022).

The pH recorded (7.49) is within the optimal range for methanogenesis (6.8-8.2) (Lohani & Havukainen, 2018),
indicating a good buffer effect of the substrate. This value favors the development of methanogenic archaea, sensitive
to pH variations. Outside this range, methane production can be reduced or stopped (Li et al., 2025). The chemical
equilibrium achieved allowed stable production of biogas in the system.

Although the theoretical design envisaged an HRT of 34 days, according to the formula of Barrena et al. (2019), in
practice the biodigester dome (3 m® remaining) was filled in 15 days, demonstrating a significant improvement. This
result is attributed to biofilm, which optimized microbial colonization and accelerated substrate degradation (Mohmed
Moffit et al., 2025). The use of local lianas as a support represents a low-cost innovation with replicability potential.
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Within 15 days of loading the biodigester with manure-water mixture, the dome reached its full capacity, indicating a
production of 3 m3 of biogas. The daily biogas generation started at 0.2 m3/day, later stabilizing at 0.3 m3/day, values
consistent with domestic biodigesters in cold areas. For comparison, 5 m3 rural biodigesters tipically produce around
0.2 m3/m3-day, which is sufficient to cook 3 to 4 hours a day (Ferrer et al., 2015). Production rates of up to 0.5 m3/day
are possible with good design and thermal management, even in cold climates (Ortega-Castro et al., 2025).

The biogas pressure reached 12 cm H,0 and stabilized approximately 2.5 cm H,O0 during daily operation, enough for a
continuous flow to the kitchen without compressors. Pressures between 15-22 cm H,O are suitable for kitchens in
fixed dome systems (Ramaiyulis et al., 2021). Stabilization at this lower pressure indicates a balance between
production and consumption, avoiding fluctuations that interrupt the flow (Abdurrakhman et al., 2024).

The prior homogenization of the mixture was key to ensuring an even distribution of temperature, nutrients and
microorganisms, favoring efficient anaerobic digestion (Karne & Bhatkhande, 2022; Lindmark et al., 2014). In addition,
it avoided inactive areas and improved microbial contact with the substrate, optimizing biogas production (Babaei &
Shayegan, 2019).

The use of lianas as biofilms favored a homogeneous distribution of microbial activity, improving cell retention and
stabilizing anaerobic digestion (Abera et al., 2024). This helped maintain a uniform temperature in the biodigester
(Karne & Bhatkhande, 2022) and achieve the effective HRT in 15 days (Figure 3).
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Figure 3. Temperature variation in biodigestion for 15 days

Although the ambient temperature ranged from 18 °C to 23 °C (Figure 3), the internal temperature of the biodigester
remained stable between 16 and 17.5 °C until HRT was reached. This indicates that the use of biofilms and adequate
homogenization of the substrate enabled an efficient and stable digestion under psychrophilic conditions (Tiwari et al.,
2021).

Cumulative Biogas Production Curve according to the Gompertz Model

The cumulative production was evaluated until day 15, when the biogas bell was filled. However, in psychrophilic
conditions, complete digestion usually requires between 20 and 40 days (Song et al., 2023), so the data suggest that
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that the process has not reached completion. The measurement was stopped for operational reasons, not because of
deplation of production potential

The Gompertz model was adjusted by nonlinear least squares using R software, assigning as initial values the maximum
observed production multiplied by two to estimate Bmax, while Rm and A were set at 0.1 m3/day and 1 day respectively.
These values follow methodological criteria reported in the anaerobic digestion modeling, to facilitate the convergence
of the fit and appropriately represent the cumulative biogas production (Kavan Kumar et al., 2023).

Figure 4 shows the evolution of the cumulative biogas production, modeled with the Gompertz curve, which
characterizes the sigmoidal behavior of anaerobic digestion and allows evaluating its performance over time.
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Figure 4. Cumulative growth in biogas production and adjustment with the Gompertz model

At the HRT, the Gompertz curve still displayed a positive slope, indicating that biogas production had not ended. This
is common in psychrophilic conditions, where digestion can exceed 30 days (Pilarski et al., 2020). Therefore, in
experiments where the operation period is truncated, it is necessary to apply models like this one (Esparza-Soto et al.,
2025).

The production curve showed an adaptation phase (days 1-4) and an exponential phase (days 5-22). Gompertz's model
fit well to the data, projecting a total potential of 3.89 m? of biogas. Although stabilization was not observed in the
field, the model suggests that stabilization would occur beyond the observation window.

Table 2 presents the parameters obtained from the fit of the experimental data to the Gompertz model, which
describes the cumulative production of biogas. These values allow characterizing the kinetic behavior of the process
and evaluating its efficiency.

The peak generation rate (Rm) of 0.3256 m3/day indicates an active metabolic phase during digestion. Kinetic models
such as the modified Gompertz model reliably estimate this rate with high precision (R? > 0.99) on various substrates
(Adamu et al., 2025; Ravikumar et al., 2020), confirming the reliability of the value and the consistency of the anaerobic
process.
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Table 2. Gompertz Model Parameters for Cumulative Biogas Production

Parameter Estimated value

Bmax 3,893 m?
Rm 0.3256 m3¥day
N 4.8441 days

R2 0.9992
Tso 15.80 days
Tao 19.10 days

The parameter X represents the initial period of microbial adaptation before the significant start of biogas production.
In batch systems at mesophilic temperature, this time typically ranges from 2 to 6 days (Pasalari et al., 2021), with high
levels of fit to the Gompertz model (R? > 0.99).

The times Tgo (15.8 days) and Tg (19.1 days), close to the observed HRT, coincide with typical values of mesophilic
digestion of organic wastes. In bovine and pig manure, 80-90% of production occurs between 12 and 28 days (Kafle &
Chen, 2016), information useful to optimize HRT in continuous and batch systems.

Biogas composition before and after the purification process

Table 3 presents the composition of the biogas before and after its purification, following passage through the
cartridges designed to remove hydrogen sulfide (H.S).

Table 3. Composition and percentage of gases before and after purification.

Gases Percentage before Percentage after
Purification Purification
CHa (%) 71.61 68.18
CO; (%) 27.50 17.90
0, (%) 0.18 7.99
H,S (PPM) 624.50 157.40
CO (PPM) 3.50 496.40

Methane (CH,), the main energy component, showed a slight decrease after purification, going from 71.61% to 68.18%.
This reduction is likely attributable to losses during the passage through the cleaning system, which is common in
processes where physical or absorbent filters are used (Swinbourn et al., 2024). Carbon dioxide (CO,) decreased
significantly from 27.50 % to 17.90 %, demonstrating the effectiveness of the purification system in improving biogas
quality. This reduction implies an increase in the calorific value of the final gas, since CO, is not combustible (Bahrun et
al., 2022).

Oxygen (0y) increased from 0.18% to 7.99%, which may indicate air ingress during the purification process, possibly
due to leaks or insufficient system sealing. This increase represents an operational risk, as it can promote the formation
of explosive mixtures if the 12% threshold is exceeded (Biogasclean, 2016).

The hydrogen sulfide (H,S) content was reduced by 75%, from 624.50 to 157.40 ppm, which is beneficial for preventing
corrosion in equipment and emissions of toxic compounds (Ariman & Koyuncu, 2022).

Carbon monoxide (CO) increased from 3.50 to 496.40 ppm, indicating possible contamination or unwanted reaction
during purification. Although CO is toxic and can affect the calorific value of biogas (Hagos et al., 2025; Pera et al.,
2024), its level remains within the acceptable limit of 1000 ppm (Barrena et al., 2019).
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Biogas Energy Efficiency Testing

Table 4 shows the three products cooked for four consecutive days. For each one, the cooking time was recorded to
calculate the average number of hours required.

Table 4. Cooking time of biogas products

Food Average Amount Average Cooking Time (min)
Potato 0.25 kg 24.7 £1.2°

Egg 1 unit 12.3+0.9°
Water 1L 185+ 1.1

The values are expressed as mean * standard deviation (n = 4). Different letters indicate
significant differences according to Tukey's test (p < 0.05).

The energy efficiency of biogas for cooking common foods was evaluated. Potatoes required the most time (24.7 + 1.2
min), followed by water (18.5 + 1.1 min) and eggs (12.3 + 0.9 min). The ANOVA and Tukey's test showed significant
differences between potatoes and eggs (p < 0.05), but not between water and the other two.

The longer cooking time of the potato is due to its greater density and thermal requirement (Marle, 1997), while the
egg, due to its lower mass and soft structure, cooks faster (Phisics, 2025).

Boiling 1 liter of water is a good indicator of the thermal performance of biogas, as it is directly related to its methane
content (Nallamothu et al., 2013). The system allowed 1 liter of water to boil in less than 20 minutes, meeting the
standard for domestic efficiency (Petro, 2020).

The average cooking times indicate that the biogas generated has an adequate calorific value for basic uses, comparable
to LPG in rural contexts (Shinde et al., 2024).

Typical biogas consumption in a domestic burner is 0.34-0.45 m3/h, with efficiencies of 59-68% (Rajendran et al., 2012).
In countries such as China, India and Kenya, minimum consumption of 0.38, 0.45 and 0.50 m3/h, respectively, is
reported (Kasinath et al., 2021). Thus, the 3 m3 generated could supply about 3.6 days of domestic use, allowing cooking
for 3 to 4 hours a day for a family of 4 to 5 people.

Being a batch system, the biodigester requires daily refills after reaching HRT to maintain continuous biogas production
and mass flow (Barrena et al., 2019). Therefore, a mixture of 200 liters should be added daily in a manure:water ratio
of 1:5, equivalent to about 33.3 kg of fresh manure.

Conclusions

The use of lianas as biofilm support significantly improved microbial retention and allowed stable anaerobic digestion
under psychrophilic conditions. This shortened the hydraulic retention time to 15 days, demonstrating an efficient and
low-cost solution for cold rural areas.

The manure:water mixture in a 1:5 ratio ensured good substrate fluidity and optimal pH (7.49), which favored
methanogenic activity. This chemical condition was essential to stable biogas production in a low-temperature
environment.

The biogas produced showed high energy quality, with more than 68% methane after purification and a significant
reduction in H,S. Its use in domestic cooking showed efficiency comparable to LPG, validating its rural applicability.

Gompertz's model accurately described the cumulative biogas production (R? = 0.9992), identifying key phases of the
process. Its application enables the projection of performance and optimization of operating times in similar systems.
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The Gompertz curve showed that biogas production continued after day 15, indicating that the process did not fully
stabilize. This interruption was due to the limited capacity of the gasometer and not to the depletion of the substrate.
Removing the material at this point may result in partially digested material, with risks for its use as biofertilizer.
Therefore, it is suggested to expand the storage volume and extend the operation time to fully harness the production
potential and ensure stable effluent.

As it is a batch system, daily refilling is essential after TRH is reached to maintain continuous biogas production.
Therefore, rural families should be aware of the need to feed the biodigester regularly with the right mixture, thus
ensuring a constant and efficient supply of energy.
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Abstract: Anaerobic digestion (AD) is a key biotechnological process for the valorization of organic residues, as it reduces their pollutant load and
generates valuable products such as volatile fatty acids (VFAs). These compounds have industrial applications as precursors for biopolymers,
solvents, and biofuels. In this study, the kinetics of VFAs were evaluated using cattle manure (CM) and swine manure (SM), incubated at 37 °C for
18 days. A completely randomized design was applied with ten sampling times and three replicates per treatment. VFA quantification was
performed by HPLC, and parameters such as chemical oxygen demand (COD), pH, and nutrient concentrations (N, P, K) were also analyzed. SM
reached a maximum production of 1.699 g/L at day 4, whereas CM peaked at 1.817 g/L on day 10. In both substrates, pH exhibited an initial
decline, indicating hydrolytic and acidogenic phases, followed by stabilization toward acetogenic and methanogenic stages. Reductions in COD,
nitrogen, and phosphorus were also observed, reflecting intense microbial activity. Both manures proved viable, with SM being more efficient at
early stages and CM performing better in later phases. These findings provide key information for the design of biorefineries within circular
economy frameworks.

Keywords: valorization of waste, acidogenic fermentation, environmental biotechnology
Introduction

Anaerobic digestion (AD) is a widely studied biological process due to its relevance in the sustainable management of
organic waste and the production of renewable energy. This process is based on the synergistic activity of microbial
consortia that, in the absence of oxygen, transform organic matter into metabolic products such as biogas and valuable
intermediate compounds. Its application has expanded globally due to its capacity to reduce the pollutant load of agro-
industrial residues, mitigate greenhouse gas emissions, and replace fossil-based energy sources, aligning with the
principles of environmental sustainability and the circular economy (Atelge et al., 2020).

The AD mechanism consists of four interdependent microbial stages: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. During hydrolysis, specialized bacteria degrade complex polymers (such as cellulose, hemicellulose,
proteins, and lipids) into soluble monomers. Then, in acidogenesis, these products are fermented into simpler
compounds, including volatile fatty acids (VFAs), ethanol, lactate, carbon dioxide (CO,), and hydrogen gas (H,).
Acetogenesis converts these intermediates into acetate, H,, and CO,, and finally, during methanogenesis,
methanogenic archaea utilize these compounds to generate methane (CH,), the main energy component of biogas
(Giduthuri & Ahring, 2023; Patel et al., 2021).

Within these stages, VFA production is strategically important not only as an intermediate step on the pathway to CH,
formation but also as an alternative route for obtaining value-added compounds. VFAs—including acetic, formic,
propionic, isobutyric, butyric, isovaleric, valeric, isocaproic, caproic, and enanthic acids—are low-molecular-weight
molecules which can serve as raw materials for the manufacture of biopolymers, solvents, biofuels, food supplements,
and chemical additives (Franke-Whittle et al., 2014; Harirchi et al., 2022). This dual functionality, as both metabolic
intermediates and final products, has motivated the development of anaerobic digestion systems specifically oriented
toward maximizing their accumulation rather than favoring methanogenesis.

The efficiency and selectivity of the process depend on multiple operational factors such as temperature, pH, digestion
time, and critically the type of substrate used. In this context, livestock manures, particularly cattle and swine manure,
represent abundant and economically accessible sources of fermentable organic matter. Their nutrient-rich
composition, high nitrogen content, and elevated proportion of volatile solids make them ideal candidates for
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acidogenic fermentation. However, physicochemical differences between these substrates can influence microbial
dynamics, the predominant metabolic pathway, and the VFA accumulation rate (Cisneros De La Cueva et al., 2021;
Wang et al., 2022).

From this perspective, the present study aims to evaluate VFA production during the anaerobic digestion of cattle and
swine manure at a constant temperature of 37 °C. To achieve this, different digestion times (0, 2, 4, 6, 8, 10, 12, 14, 16,
and 18 days) were established, allowing for a detailed kinetic analysis of the fermentative behavior of each substrate.
This evaluation not only enabled comparison of VFA yield, production, and composition between the two manures but
also provided key information for optimizing anaerobic systems oriented toward the generation of industrially valuable
biocompounds.

Materials and Methods

Cattle manure (CM) and swine manure (SM) samples were collected in Tlaxcala, Mexico. CM had an initial dry matter
content of 22.41% and a pH of 8.02, whereas SM exhibited 29.09% dry matter and a pH of 6.15. The samples were
subjected to air-drying at ambient temperature (25 + 5 °C), followed by homogenization by manual grinding in a mortar
and subsequent sieving through a MONTINOX No. 20 mesh. Once processed, the samples were stored in sealed glass
jars under dark and dry conditions until use.

Experimental design

To evaluate VFA production, a completely randomized design (CRD) was implemented, considering two main factors:
substrate type (CM and SM) and digestion time (0, 2, 4, 6, 8, 10, 12, 14, 16, and 18 days), at a constant temperature of
37 °C, with three replicates per treatment, resulting in a total of 60 experimental units. The experiment was conducted
in batches using 600-mL glass flasks as reactors, each loaded with 5% substrate (CM or SM), 5% (v/v) inoculum obtained
from a previous anaerobic digestion process (Castro-Sierra et al., 2024), and distilled water to reach a final working
volume of 500 mL. The flasks were purged with N, to remove residual oxygen and then hermetically sealed. Incubation
was carried out in an ECOSHEL 9165 unit for 18 days, with periodic monitoring every two days.

Physicochemical evaluation of the digestates

The digestates obtained during the anaerobic digestion process were characterized through a comprehensive analysis
of their physicochemical properties. The evaluated variables included chemical oxygen demand (COD) and the
concentrations of total nitrogen (N), total phosphorus (P), and total potassium (K), which were determined using HACH
analysis kits and a HACH DR 2800 spectrophotometer. Moisture content was measured with an OHAUS MB45
thermobalance, while total solids (TS) and volatile solids (VS) were quantified by calcination in a THERMOLYNE 1400
muffle furnace. pH was measured using a HINOTEK PHS-3E potentiometer. All determinations were performed
following the standardized protocols in the Standard Methods for the Examination of Water and Wastewater of the
APHA (2017).

Determination of total volatile fatty acid (VFAs) production

The digestates were centrifuged at 9000 rpm for 10 minutes at 20 °C using a LABNET PRISM R refrigerated
microcentrifuge. Subsequently, 2 mL of the supernatant was collected and filtered through 0.22 um CORNING syringe
filters. The identification and quantification of volatile fatty acids (VFAs) were performed by high-performance liquid
chromatography (HPLC) using an Agilent 1100 G1311A system coupled to a REZEX ROA-ORGANIC ACID H* (8%) ion-
exclusion column. The analysis was conducted under isocratic flow conditions, employing HPLC-grade water acidified
with 0.005 M sulfuric acid as the mobile phase, at a flow rate of 0.6 mL/min for a total runtime of 30 minutes. Detection
was carried out at 205 nm, with the column maintained at a constant temperature of 65 °C (Colzi & Estrada, 2020;
Tabarez et al., 2024).

VFAs quantification was based on calibration curves generated from a Sigma-Aldrich reference standard mixture
containing the following compounds: acetic acid (99.90% purity), formic acid (98.30%), propionic acid (99.70%),

REB&S 2025, 7(2), 40-45. https://doi.org/10.56845/rebs.v7i2.655 41



https://doi.org/10.56845/rebs.v7i2.655

Renewable Energy, Biomass & Sustainability (REB&S)

isobutyric acid (99.90%), butyric acid (99.90%), isovaleric acid (100.00%), valeric acid (99.90%), isocaproic acid (99.80%),
caproic acid (99.60%), and enanthic acid (99.70%). All standard solutions had certified concentrations of 10.0 £ 0.2 mM.

Results and Discussion
Organic matter and nutrients

Figure 1 shows the kinetics of chemical oxygen demand (A), nitrogen (B), phosphorus (C), and potassium (D) during the
anaerobic digestion (AD) of cattle and swine manure at 37 °C. With both substrates, COD showed a progressive
decrease (a total reduction of 18.2% in cattle manure and 20.8% in swine manure) throughout the process.
Approximately 10% of COD in an anaerobic process is used for biomass synthesis, so its reduction indicates microbial
activity during digestion (Gonzélez & Jurado, 2017). Additionally, this significant decrease reflects effective degradation
of easily biodegradable organic matter, which serves as the basis for VFA production (Meegoda et al., 2018). Cattle
manure maintained higher COD values for a longer period, suggesting a higher content of recalcitrant compounds or
slower degradation rate. In contrast, swine manure exhibited a faster COD reduction due to its higher content of readily
biodegradable compounds (Lee et al., 2023).

Figure 1. Kinetics of chemical oxygen demand (A), nitrogen (B), phosphorus (C), and potassium (D) during the anaerobic digestion
of cattle and swine manure
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Similarly, nitrogen exhibited a general decreasing trend (total reduction of 75.0% for cattle manure and 80.2% for swine
manure). During AD, nitrogen decreases due to its conversion into gaseous forms such as ammonia (NHz) and due to
microbial assimilation (Kadam et al., 2024). The reduction was more pronounced in swine manure, likely attributable
to its higher content of soluble proteins, which are more susceptible to ammonification.

Phosphorus also exhibited a continuous decline in both treatments (total change of 91.7% in cattle manure and 58.1%
in swine manure), with a greater reduction in cattle manure. This decrease is associated with its incorporation into
microbial biomass and the precipitation of insoluble phosphates. Given the magnitude and consistency of this behavior
in both substrates, which aligns with recent studies, phosphorus not consumed could potentially be recovered through
electrochemical methods (Chen et al., 2023).

Unlike the other nutrients, potassium remained relatively stable, with only slight decreases in both manures (17.3% in
cattle manure and 30.0% in swine manure). This is because potassium is a mobile element, does not directly participate
in microbial transformation reactions, and is mainly present in soluble ionic form. Its slight decrease may be due to
incorporation into microbial biomass or minimal losses through leaching. This behavior is consistent with studies
reporting the stability of K during anaerobic processes (Tambone et al., 2009).

pH and volatile fatty acids

During anaerobic digestion (AD), the pH of both substrates exhibited a pronounced initial decrease (Figure 2, panel A).
In the case of swine manure, the initial pH was alkaline (8.96) compared to cattle manure (7.81), but both shifted
toward acidic values during the first 4 days, reaching minimums of 6.40 and 5.86, respectively. This corresponds to an
intense acidogenic phase, in which the production of volatile fatty acids (VFAs) lowers the pH of the medium (Anukam
et al., 2019). Subsequently, stabilization was observed in both treatments, with slight fluctuations. The pH of the cattle
digestate remained lower throughout the entire period, whereas the swine digestate maintained consistently higher
values after day 4, likely indicating lower acid accumulation or better buffering of the organic acids produced. This may
be attributed to natural buffering systems such as carbonates and ammonium present in this manure (Gonzalez-
Herrera et al., 2021; Solarte et al., 2017).

Figure 2. Changes in pH and VFAs production kinetics during the anaerobic digestion of cattle and swine manure

Regarding VFAs production (Figure 2, panel B), both digestates show a sustained increase during the first days of the
process. Swine manure exhibits a higher initial VFA production, rising from 0.655 g/L to 1.699 g/L between days 0 and
4, suggesting high availability of fermentable compounds and an active acidogenic microbiota, consistent with its higher
content of soluble proteins and lipids (Risberg et al., 2017). In contrast, cattle digestate increases more gradually,
reaching 1.480 g/L on day 4, but continues rising until reaching its absolute maximum on day 10 with 1.817 g/L. This
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indicates a slower fermentation kinetics, likely attributable to a matrix with a higher proportion of structural fiber and
lower content of easily accessible solutes.

This behavior highlights substantial differences in fermentative dynamics between the two substrates. While swine
manure favors early and intense VFA production that stabilizes after day 8, cattle manure maintains sustained and
progressive production into later stages, which may be associated with slower hydrolysis of its complex organic
components (Bajpai, 2017).

In both cases, the initial decrease in pH correlates with the increase in VFAs, particularly between days 0 and 4. Swine
digestate shows a faster pH recovery after the acidic peak, possibly due to a higher buffering capacity or an earlier
onset of the methanogenic phase. Conversely, cattle digestate maintains a lower pH over time, which may reflect
slower conversion of VFAs to methane or sustained acid accumulation that inhibits methanogenic microorganisms
(Castro-Ramos et al., 2022).

Conclusions

The results support the use of swine manure (SM) as an ideal substrate for rapid and intensive production of volatile
fatty acids (VFAs), whereas cattle manure (CM) may be better suited for prolonged fermentation strategies. SM showed
higher efficiency in early VFA accumulation, reaching values up to 1.699 g/L between days 0 and 4, and remaining
elevated until day 8. This behavior reflects accelerated acidogenesis, attributable to the greater availability of
fermentable substrates. In contrast, CM reached its maximum VFA concentration on day 10 (1.817 g/L), indicating a
slower but steady acidogenic kinetics throughout the process. This result suggests that CM may have greater
accumulation potential during intermediate stages, likely associated with the gradual release of complex organic
compounds.
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