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as production through anaerobic
co-digestion of Ulva lactuca (Chlorophyta) and cow
manure: a kinetic and process optimization study

Obie Farobie, *ab Veni Anggita Sari,b Edy Hartulistiyoso,ab Widya Fatriasari,c

Asep Bayu Dani Nandiyanto,d Apip Amrullah,e Lusi Ernawatif and Misbahudding

Energy derived frombiomass is increasingly appealing due to escalating energy demand and the urgent need to

mitigate greenhouse gas emissions. However, to ensure the sustainability of bioenergy, the diversification of

feedstocks, including marine biota, is essential. Among the various marine biota, harnessing U. lactuca for

biogas production remains scarcely explored in the literature. This study aims to fill this gap by examining

the synergistic effects of U. lactuca and cow manure in anaerobic co-digestion to optimize methane yield.

The novelty of this study lies in its comprehensive kinetic analysis of biogas production from U. lactuca,

offering valuable insights into the digestion process and providing optimal conditions for maximizing

methane yield. Anaerobic co-digestion was conducted in a semi-continuous reactor with varying algae-to-

cow manure ratios (1 : 1, 2 : 1, and 3 : 1) under controlled conditions for over 30 days. The results showed

that a 2 : 1 ratio resulted in the maximum methane yield of 325.75 mL per g VS. Kinetic evaluation using first-

order, logistic, transference, and modified Gompertz models revealed that the modified Gompertz model

most accurately represented the experimental data, showing a high coefficient of determination (R2 =

0.999). RSM revealed that the fermentation time and substrate ratio significantly influenced methane

production. These findings highlight the effectiveness of the anaerobic co-digestion of U. lactuca and cow

manure, emphasizing its potential as a viable strategy for sustainable bioenergy generation.
Sustainability spotlight

As global energy demands rise and the effects of climate change intensify, there is an urgent need to transition from fossil fuels to sustainable energy sources.
This research addresses this issue by exploring the potential of Ulva lactuca, a marine macroalga, in producing biogas through anaerobic co-digestion with cow
manure. The sustainable advancement of this work lies in utilizing marine biota as an alternative feedstock for bioenergy production, thus diversifying
feedstocks and enhancing the sustainability of biogas generation. This study contributes to the circular economy, reduces waste, and mitigates greenhouse gas
emissions. Aligning with the United Nations Sustainable Development Goals (SDGs), this work directly supports SDG 7 (Affordable and Clean Energy) and SDG
13 (Climate Action), offering a sustainable solution to renewable energy generation while promoting environmental stewardship.
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1 Introduction

Energy is essential for sustaining daily life, powering industries,
and supporting technological advancement. However, reliance on
fossil fuels to meet global energy demands has led to signicant
environmental challenges, including climate change, greenhouse
gas emissions, and resource depletion.1 To mitigate these issues,
there is a pressing need to transition to renewable energy sources
that are both sustainable and environmentally friendly. One such
promising solution is the production of biogas through anaerobic
digestion (AD), a process that generates renewable energy and
helps manage organic waste.2 Biogas is a viable bioenergy source
that supports the concept of a circular economy.3 This facilitates
sustainable resource recovery by transforming biodegradable
waste into energy, reducing landll usage, and decreasing the
methane emissions resulting from waste decomposition. This
RSC Sustainability, 2025, 3, 3483–3498 | 3483
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well-established technology has been effectively utilized world-
wide, showcasing the best practices for biogas production. These
practices have demonstrated the potential to convert excess
organic materials, previously considered waste, into renewable
energy, thus supporting a more sustainable and clean energy
future.4

The circular economy concept plays a pivotal role in
enhancing biogas production, as it encourages the integration
of waste into the production cycle and reduces environmental
impacts.5 By utilizing organic waste materials, including agri-
cultural residues, food processing by-products, and marine
macroalgae, biogas production offers a sustainable pathway for
managing local waste streams while contributing to local energy
systems. The implementation of biogas production can
complement the existing waste management infrastructure by
offering an alternative to landlling and incineration, turning
waste into a valuable resource. Furthermore, biogas production
contributes to local energy systems by supplying renewable
energy that can be used to meet local energy demands, thereby
reducing the dependence on non-renewable sources. In partic-
ular, the integration of marine macroalgae, such as U. lactuca,
into biogas systems could provide new solutions for coastal
regions, where these algae are oen considered waste or
nuisance. By processing them into bioenergy, not only is waste
reduced, but local energy production is also enhanced, sup-
porting a circular economy that promotes sustainability at both
the environmental and community levels.

The sustainability of biogas production relies heavily on the
availability of a suitable feedstock. Various biomass sources,
including agricultural wastes such as wheat straw, corncobs,
bagasse, corn stalks, rice straw, and olive husks, have been
successfully used for biogas generation.6 However, one of the
challenges associated with terrestrial biomass is its high lignin
content. This hinders microbial degradation and limits the effi-
ciency of the AD process.7 Recent studies have demonstrated the
potential of dry anaerobic digestion as a robust alternative for
solid biomass such as brewer's spent grains (BSG), which not only
offers efficientmethane recovery (10.53 L CH4 per kg TVS) but also
contributes to the circular economy by supplying a portion of the
energy demand in industrial processes such as brewing.8 Simi-
larly, valorization of fruit processing residues like apple pomace
has shown promise in semi-continuous AD systems. Apple
pomace, a lignocellulosic by-product with signicant biogas
potential, yielded 36.61 L CH4 per kg TVS_removed in dry AD
systems and enabled avoided GHG emissions while supporting
partial energy self-sufficiency in processing facilities.9 These
examples emphasize the versatility of anaerobic digestion in
utilizing diverse agro-industrial wastes within biorenery frame-
works aimed at circular bioeconomy development.

Marine macroalgae, particularly those with a low or negli-
gible lignin content, offer an alternative feedstock that can
overcome these limitations. These algae are abundant, fast-
growing, and have the added benet of absorbing nutrients
from their surrounding environment, thus helping to reduce
the overfertilization of water bodies.10,11 However, when over-
grown, some macroalgal species can cause eutrophication,
leading to issues such as smell, carbon emissions, and
3484 | RSC Sustainability, 2025, 3, 3483–3498
disruption of coastal ecosystems.12,13 Processing algae into
bioenergy through anaerobic digestion is a promising approach
to address these issues and transform environmental concerns
into opportunities for sustainable energy generation.

Recently, the use of marine macroalgae as a feedstock for
biogas production has gained increasing attention. Studies
have explored various species of macroalgae, including Graci-
laria sp. and U. lactuca, with Barbot et al.14 reporting methane
yields ranging from 200 to 480 L CH4 per kg VS. Further research
by Chikani-Cabrera et al.15 yielded 387 ± 3.09 L CH4 per kg VS
from Sargassum spp. in Mexico, while Farobie et al.16 investi-
gated anaerobic digestion of brown macroalgae Sargassum pla-
giophylum, achieving a maximum cumulative methane yield of
266.18 L per kg VS. Recently, Aigbe et al.17 expanded this area of
study by focusing on Ulva intestinalis Linnaeus and utilizing
statistical regression and machine learning approaches to
optimize and predict biogas production.

Despite these advancements, there remains a gap in our
understanding of the biogas production potential of U. lactuca,
particularly concerning the effects of the feedstock ratio and
fermentation time on methane yield. Moreover, comprehensive
kinetic studies of biogas production from U. lactuca have yet to
be conducted. Determining the reaction kinetics is crucial
because it provides insights into the efficiency of the digestion
process and can help optimize biogas production.

U. lactuca, known for its widespread availability, fast growth,
and ability to absorb organic pollutants and heavy metals, has
been identied as a promising feedstock for bioenergy
generation.18–21 Species from the genus Ulva are easy to cultivate
and can grow up to ve times faster than conventional crops such
as corn, making them a competitive candidate for bioenergy
applications.22 Additionally, the production of U. lactuca in West
Nusa Tenggara is approximately 758 714.4 tons per year, ensuring
its year-round availability and large-scale sustainability at the
collection site.23 These characteristics make U. lactuca a compel-
ling option for further research on biogas production.

Most earlier investigations involving Ulva sp. used batch
systems or focused solely on pretreatment strategies without
applying kinetic or optimization modeling. For example, Akila
(2019)24 utilized Ulva sp. mixed with cow dung in batch mode
for biogas and biofertilizer production but did not explore
reaction kinetics or process optimization. Ben Yahmed (2017)25

employed solid-state fermentation as a pretreatment to enhance
biogas yield but omitted kinetic evaluations. Hassaan (2021)26

investigated ozonation pretreatment for Ulva sp. collected from
the Mediterranean coast but similarly lacked kinetic and opti-
mization studies.

This study addresses these gaps through three key novelties.
First, we adopted a semi-continuous anaerobic digestion setup
that offers advantages over batch systems in terms of higher
throughput and improved process efficiency. Second, we con-
ducted a comprehensive kinetic analysis of biogas production
from U. lactuca by applying multiple kinetic models (rst-order,
transference, logistic, and modied Gompertz models) to
understand the dynamics of methane generation. Third, we
implemented response surface methodology (RSM) to optimize
the process parameters, particularly feedstock ratios and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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digestion time, an approach not previously reported in U. lac-
tuca studies. These contributions provide new insights into
both theoretical and applied aspects of macroalgae-based bio-
energy production. The objective of this study was to assess the
optimal conditions for biogas generation utilizing U. lactuca,
determine the reaction kinetics, and apply RSM to optimize the
process.
2 Experimental
2.1. Biomass preparation and analysis

Fresh cow manure was collected from a cow farm in Bogor,
Indonesia. The green algae U. lactuca utilized in this study was
collected from Ekas Beach in Lombok, East Nusa Tenggara,
Indonesia. The feedstock was thoroughly cleaned using tap
water to remove surface impurities. Aer cleaning, the algae
were le to air dry under sunlight for approximately 8 h to
reduce moisture content. Once dried, the algae were packed in
sacks and stored at a controlled temperature (3 °C) in a refrig-
erator until further analysis. This procedure ensured the
stability of the biomass before chemical and biochemical
assessments were conducted.

Various analyses were performed to evaluate the chemical
composition of U. lactuca. The protein content was determined
using a Kjeltec 8400 automated Kjeldahl system (Foss, Den-
mark). This system measures nitrogen content accurately and
then converts it to protein content. For proximate analysis, the
feedstock moisture, volatile matter, ash, and xed carbon were
analyzed using the ASTM E1131-08 standard method. This
process was carried out using a thermogravimetric analyzer
(TGA 4000, PerkinElmer, USA). The ultimate analysis was per-
formed using CHN analyzers (Leco CHN628 and CHN632).
These values are essential for understanding the elemental
composition of the biomass and its potential for methane
production. Additionally, the structural and surface morphol-
ogies of the algae were examined using scanning electron
microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM-EDX). This analysis was conducted using a Hitachi SU
3500 SEM. The instrument provided high-resolution images
and elemental composition data.
Fig. 1 A schematic representation of the reactor used for the biogas
production from co-digestion of U. lactuca and cow manure.
2.2. Preparation of substate and inoculum

To prepare the substrate and inoculum for biogas production,
the green macroalgae U. lactuca was initially processed into
macroalgal juice by blending it with water in a 1 : 2 ratio.
Specically, 500 g U. lactuca was mixed with 1000 g water. This
mixture was combined with cow manure for acclimatization.
The effect of varying the algae-to-cow manure ratios was eval-
uated by testing three different proportions: 1 : 1, 2 : 1, and 3 : 1
(algae-to-cow manure by weight). Each mixture was thoroughly
stirred for 15 min to ensure homogeneous blending of macro-
algal juice and cow manure. This preparation step was crucial
for maintaining consistent conditions across the experiments,
facilitating an accurate assessment of biogas yield and methane
production potential from each substrate formulation.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.3. Acclimatization process

A semi-continuous reactor with a total capacity of 5 L was used
for acclimatization, as shown in Fig. 1. The reactor was loaded
with 2000 g of a prepared inoculum-substrate mixture consist-
ing of Ulva lactuca and cow manure in three different ratios: 1 :
1, 2 : 1, and 3 : 1. Every two days, approximately 5% of the total
slurry (approximately 100 g) was extracted from the outlet to
monitor essential parameters, such as volatile solids (VS), pH,
and chemical oxygen demand (COD). Concurrently, 5% fresh
feedstock consisting of macroalgal juice (a blend of U. lactuca
and water at a 1 : 2 ratio) was introduced into the reactor to
maintain a semi-continuous feeding regimen. The biogas
production experiments were conducted in duplicate to ensure
data reliability. In cases where outlier data points were
observed, the experiments were repeated to conrm the repro-
ducibility and ensure the accuracy of the results.

Gas production during the acclimatization period was
measured by recording the volume of gas produced every two
days. The gas was collected and transferred to a 500 mL gas bag
for further analysis using gas chromatography (GC). The accli-
matization process spanned 30 days, ensuring that the micro-
bial communities were adjusted to the substrate conditions and
stabilized the reactor performance for subsequent methane
yield experiments.
2.4. Anaerobic biodegradation

Following acclimatization, anaerobic biodegradation was initi-
ated using the same semi-continuous reactor. The substrate for
this stage consisted of fresh macroalgal juice, whereas the
inoculum was derived from the acclimatization phase. Every
two days, approximately 5% of the total slurry (approximately
100 g) was removed from the reactor outlet to monitor volatile
solids (VS), pH, and chemical oxygen demand (COD). Simulta-
neously, 5% fresh feedstock consisting of macroalgal juice (U.
lactuca combined with water at a 1 : 2 ratio) was added to the
vessel to sustain anaerobic degradation. The biogas produced
RSC Sustainability, 2025, 3, 3483–3498 | 3485
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Table 1 Chemical constituent, proximate and ultimate analysis of
dried U. lactuca

Parameters U. lactuca

Chemical constituent (wt%)
Carbohydrates 40.66 � 0.13
Proteins 22.92 � 0.17
Lipids 1.32 � 0.04
Others 35.10

Proximate analysis (wt%)
Moisture 12.33 � 0.03
Ash content 22.77 � 0.19
Fixed carbon 7.01 � 0.01
Volatile matter 57.89 � 0.15

Ultimate analysis (wt%)
C 39.10 � 0.05
H 6.20 � 0.05
N 1.46 � 0.02
S 7.28 � 0.03
O 45.96 � 0.05
C/N ratio 26.78
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was measured every two days by recording its volume. It was
subsequently collected in 500 mL gas bags for further analysis
using gas chromatography (GC). The anaerobic biodegradation
process was sustained for 30 days, ensuring that the system
operated under optimal anaerobic conditions to assess
methane yield and substrate degradation efficiency.

2.5. Analysis of product

Slurry samples were collected every two days and analyzed for
volatile solids (VS), pH, and total chemical oxygen demand
(COD). The pH of the slurry samples was measured using
a Mettler Toledo pHmeter to monitor acidity or alkalinity levels
throughout the process. Total COD was determined using
a standard kit from Hach Lange, Germany, which measures the
amount of organic matter present in the slurry. APHA standard
procedure was used to examine volatile solids.27 This provided
insights into the organic content available for biodegradation.

The gaseous products generated during the anaerobic
biodegradation process were analyzed using gas chromatog-
raphy (GC), specically the HP 6890 series. The GC was equip-
ped with an HP-PLOT Q column (0.53 mm × 30 m i.d., 40 mm,
part no. 19095P-Q04).It was operated in a temperature-
controlled environment to ensure accurate separation of the
gas components. Two types of detectors were used: a thermal
conductivity detector (TCD) for identifying CO2 and CO and
a ame ionization detector (FID) for measuring CH4, C2H4, and
C2H6. Helium served as the carrier gas at a pressure of 9.0 psi
and temperature of 60 °C for FID detection, while the TCD was
operated with helium at 250 °C. Calibration was performed
prior to gas sample analysis. The standard gases were
purchased from PT. Air Liquide, Jakarta. Multiple injections of
standard gas (0.1–0.4 mL) were performed in duplicate and
calibration curves were generated based on the peak areas.

Gas sample analysis followed a specic temperature
program. It started at 60 °C for 5 min, followed by an incre-
mental increase of 20 °C per min until reaching 200 °C, where it
was held for 1 min. Aer calibration, 0.1 mL of the collected gas
sample from the gas bag into the GC system. Each sample was
analyzed three times, and the gas composition was identied by
comparing the peak areas of the gas components against
a standard calibration curve to quantify the content of each gas
in mL.

2.6. Response surface methodology (RSM)

In this study, RSM was employed using Design-Expert soware,
version 13.0.5.0 (Stat-Ease Inc., Minneapolis, MN, USA) to
optimize the anaerobic digestion process of U. lactuca with the
aim of enhancing methane yield. The soware's default settings
for the Box–Behnken design (BBD) and quadratic model tting
were used in the analysis, and no modications were made to
the model-tting algorithm or the calculation settings.
Fermentation time and algae-to-cow manure ratio were delin-
eated by A and B, respectively. The independent variables were
varied within a range of −1 to +1 based on the initial experi-
mental analysis. The statistical metrics used to assess the
polynomial degree for the regression models include the
3486 | RSC Sustainability, 2025, 3, 3483–3498
sequential p-value, lack-of-t p-value, adjusted R2, and predicted
R2.
3 Results and discussion
3.1. Characteristics of U. Lactuca and inoculum

The chemical composition of Ulva lactuca and the inoculum
play a crucial role in determining the efficiency of the feedstock
in anaerobic digestion, inuencing both biogas production and
its quality. The chemical composition, and proximate and
ultimate analyses of U. lactuca are presented in Table 1. Proxi-
mate analysis revealed signicant components, including
proteins, carbohydrates, and lipids, that are essential for
determining the potential of biomass for biogas production.
The carbohydrate content in U. lactuca collected from this
region was 40.66 ± 0.13 wt%. This relatively high value suggests
its suitability for biogas production due to its ease of degrada-
tion by bacteria during anaerobic processes. Compared to
previous studies, this carbohydrate value is lower than the 61.5
± 2.3 wt% reported by Ortiz et al.28 for U. lactuca from Northern
Chile and 59.1 ± 0.37 wt% by Rohani-Ghadikolaei et al.,29 for U.
lactuca from the Persian Gulf. However, it was closer to the
48.40 wt% reported by Djoh et al.30 for Ulva reticula from East
Sumba Island, Indonesia. These variations in carbohydrate
content can be linked to differences in geographical origin and
environmental conditions, such as water temperature, pH, and
salinity, which signicantly inuence the biochemical compo-
sition of macroalgae.31,32

The protein level in U. lactuca from Ekas Beach was found to
be 22.92 ± 0.17 wt%, indicating a moderate protein level in the
biomass. The moderate protein content in U. lactuca is advan-
tageous for biogas production. Ganesh Saratale et al.33 reported
that higher protein levels could enhance the release of
ammonia during anaerobic digestion. This ammonia release
may inhibit methanogenic bacteria,as also supported by Kovács
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM-EDX image of U. lactuca.

Table 2 Characteristics of inoculum

Parameter Value

pH 8.2
C/N ratio 23.61
TS [mg L−1] 2245
VS [mg L−1] 183.2

Fig. 3 Effect of algae-to-cow manure ratio on gas composition
during the acclimatization process: algae-to-cow manure ratios of (a)
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et al.34 The lipid content in U. lactuca in this study was 1.32 ±

0.04 wt%, which is within the acceptable range for biogas
production substrates. The lipid content of macroalgae is crit-
ical for biogas production, and according to Cirne et al.,35

substrates with lipid contents above 30% can inhibit biogas
production. The lipid content of U. lactuca in this study was far
below this threshold, making it a suitable substrate for anaer-
obic digestion and subsequent biogas production.

SEM-EDX analysis (Fig. 2) indicated the predominant pres-
ence of Ca, Mg, and Na. These elements help explain the high
ash content of U. lactuca. These macronutrients are crucial for
the metabolic activity of methanogens and are essential for
AD.36 Moreover, the presence of Na can enhance biodigester
stability, although excessive Na levels can inhibit methanogen
proliferation.37,38

Additionally, the characteristics of the inoculum used in this
study are presented in Table 2. The inoculummixture had a C/N
ratio of 23.61 and a pH of 8.2. Thompson et al.36 reported that
the optimal C/N ratio for methane production ranges between
© 2025 The Author(s). Published by the Royal Society of Chemistry
20 and 30, conrming the suitability of the inoculum for
anaerobic digestion.
3.2. The production of biogas and methane during the
acclimatization phase

The acclimatization process plays a crucial role in enhancing
the efficiency of biogas production, particularly when the
microbial source for anaerobic digestion originates from cow
manure.39 Cow manure was chosen because of its affordability
and effectiveness as a microbial source, rich in diverse anaer-
obic microorganisms essential for breaking down organic
materials.40 However, because cows primarily consume terres-
trial plants and not marine macroalgae, it is essential to accli-
matize the inoculum to the marine environment to ensure that
the microbial community adapts to the substrate. This accli-
matization ensures that the microorganisms become effective
1 : 1, (b) 2 : 1, and (c) 3 : 1.

RSC Sustainability, 2025, 3, 3483–3498 | 3487
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Fig. 4 Effect of algae-to-cow manure ratio on cumulative methane
and biogas volume during the acclimatization process: algae-to-cow
manure ratios of (a) 1 : 1, (b) 2 : 1, and (c) 3 : 1.
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at digesting U. lactuca, a marinemacroalgae, thereby optimizing
biogas production. The acclimatization process gradually
introduced microorganisms into the unique biochemical
composition of the marine algae. Without this step, microor-
ganisms may not efficiently convert algae into biogas because of
their specialization in breaking down terrestrial organic matter.
The adaptation period allows the microbial community to
adjust to the higher salinity, different carbohydrate composi-
tions, and other distinct properties of marine macroalgae.

The gas composition during the acclimatization process, as
shown in Fig. 3, highlights the effect of varying the algae-to-cow
manure ratio on biogas production. Ratios of 1 : 1, 2 : 1, and 3 : 1
were evaluated to determine their effects on the composition of
methane and carbon dioxide.

Methane production increased as acclimatization pro-
gressed, demonstrating the growth efficiency of the adapted
microorganisms in digesting marine macroalgae. In contrast,
the carbon dioxide levels initially spiked but eventually stabi-
lized, indicating that the digestion process shied toward more
efficient methane production.

At an algae-to-cow manure ratio of 1 : 1, initially on day 0, the
biogas composition was entirely carbon dioxide (CO2), with no
methane (CH4) detected. This is expected, as the microbial
community had not yet acclimated to the marine substrate, and
anaerobic digestion had not commenced. By day 2, small
amounts of methane began to appear (0.85%), with CO2

dominating the biogas composition. Over the next 30 days, the
methane concentration increased steadily, reaching 55.99% by
day 30, whereas the CO2 levels declined proportionally, drop-
ping to 41.01%. This trend suggests that as the microorganisms
adapted, their efficiency in breaking down marine macroalgae
improved, shiing the biogas composition toward higher
methane yields. By day 10, the methane content increased
signicantly to 10.97%, with CO2 reducing to 86.03%, indi-
cating that the microbial populations had begun to effectively
digest organic matter from U. lactuca. The methane content
continued to increase, reaching 55.99% by day 30, reecting the
increasing dominance of methanogenic activity as the micro-
bial community became better suited to the marine algae
substrate.16

At an algae-to-cow manure ratio of 2 : 1, methane content
was consistently higher than that at a ratio of 1 : 1. For
example, by day 10, methane production reached approxi-
mately 30.03% at a 2 : 1 ratio, whereas it was still 26.53% for
the 1 : 1 ratio. This difference can be attributed to the increased
availability of algal substrates in the 2 : 1 ratio. The higher
content of organic material, rich in polysaccharides, such as
ulvan, supports this result. These polysaccharides are effi-
ciently broken down by specialized microbial consortia,
leading to higher methane yields.24 Furthermore, the cow
manure in this mixture likely provides sufficient essential
microbial diversity, including methanogens, to maintain
a robust anaerobic digestion process while beneting from the
energy-rich algal substrate. Under these conditions, the
methane content peaked at 60.41% on day 20, stabilizing as
the fermentation progressed. This stability reects an optimal
balance between substrate availability and microbial activity,
3488 | RSC Sustainability, 2025, 3, 3483–3498
where microbes have effectively adapted to the marine feed-
stock and converted into biogas at a steady rate.

Conversely, at an algae-to-cow manure ratio of 3 : 1, the
methane concentration was lower than that at both 1 : 1 and
2 : 1 ratios. One potential reason for this could be the reduced
proportion of cow manure in the mixture.41,42 Cow manure is
a crucial source of methanogenic bacteria and other microbial
species necessary for effective biomass degradation. With less
manure in the 3 : 1 ratio, there may be an insufficient micro-
bial consortium to decompose the multifaceted organic
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00298b


Fig. 5 (a) Gas composition after the acclimatization process and (b)
cumulative methane and biogas volumes during anaerobic digestion
following the acclimatization process using an algae-to-cow manure
ratio of 2 : 1.
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material present in the algae. This reduction in microbial
diversity and population size could slow the digestion process,
leading to lower methane yields. Cow manure not only
provides the necessary microbes, but also acts as a buffering
agent that stabilizes the digestion environment, prevents
acidication, and maintains optimal conditions for methane
production.

The pH during acclimatization is a crucial factor for main-
taining optimal microbial activity. Although the pH uctuated
slightly, it remained within a range suitable for methanogenic
activity. In the 1 : 1 algae-to-cow manure ratio, the pH started at
7.3 and uctuated between 7.3 and 7.6, stabilizing at 7.3 by day
30. This range is ideal for methane-producing archaea that
thrive in slightly neutral to mildly alkaline environments.
Deviations outside this range can negatively affect methane
production by disrupting microbial function. According to
Hilkiah Igoni et al.,43 microorganisms involved in anaerobic
digestion perform most efficiently when the pH is maintained
between 6 and 8, further supporting the importance of main-
taining these conditions.

Overall, methane production peaked when the algae-to-cow
manure ratio was 2 : 1, reaching 60.41% on day 20, and
stabilizing as the fermentation time progressed. This indi-
cates that a 2 : 1 ratio provides the most favorable conditions
for methane generation. The optimal combination of
substrate proportions, consistent gas composition trends, and
a stable pH environment allowed methanogenic microbes to
thrive, resulting in more efficient conversion of marine mac-
roalgae into biogas. These results align with the ndings of
Feng et al.,44 who studied the anaerobic digestion of cow
manure and rice straw at various ratios (0 : 1, 1 : 2, 1 : 1, 2 : 1,
and 1 : 0). Feng et al.,44 demonstrated that a 2 : 1 rice straw-to-
cow manure ratio yielded the highest methane production at
194.91 L per kg VS.

The cumulative biogas and methane production trends
showed signicant variations across different algae-to-cow
manure ratios (1 : 1, 2 : 1, and 3 : 1), highlighting the impact of
feedstock composition on biogas yield. Fig. 4 presents the
average cumulative volumes of biogas and methane in relation
to COD during the acclimatization phase under various algae-
to-cow manure ratios.

For the algae-to-cow manure ratio of 1 : 1 (Fig. 4(a)), the
cumulative biogas production showed a steady increase,
reaching 200.02 mL per g VS by day 30. Methane production
followed a similar trend, with cumulative methane reaching
111.99 mL per g VS by the end of the acclimatization period,
accounting for approximately 56% of the total biogas volume.
The balanced nutrient composition of algae and cow manure
likely promoted stable microbial activity and optimized biogas
and methane generation. The co-digestion of algae and manure
in equal proportions may have provided a balanced carbon-to-
nitrogen (C/N) ratio, which is crucial for microbial metabo-
lism during anaerobic digestion. The COD values decreased
from 17.79 g L−1 on day 0 to 2.10 g L−1 on day 30, reecting
efficient organic matter degradation.

For the 2 : 1 algae-to-cow manure ratio (Fig. 4(b)), a slightly
higher cumulative biogas volume was observed, reaching
© 2025 The Author(s). Published by the Royal Society of Chemistry
214.714 mL per g VS by day 30. The methane volume also
increased, with the cumulative methane production peaking at
132.0326 mL per g VS, constituting approximately 61.5% of the
total biogas output. A higher proportion of algae contributed to
an increase in readily biodegradable substrates, resulting in
enhanced methane production. However, an imbalance in the
C/N ratio may have led to suboptimal conditions for microbial
growth at certain stages, potentially limiting the biogas yield.
COD decreased from 20.29 g L−1 on day 0 to 2.35 g L−1 by day 30.
This suggests an efficient degradation, although it was slightly
less effective than the 1 : 1 ratio.

At the 3 : 1 ratio of algae-to-cow manure (Fig. 4(c)), cumu-
lative biogas production reached 91.05 mL per g VS by day 30,
with methane production peaking at 39.68 mL per g VS, which
is about 43.6% of the total biogas. A larger proportion of algae
might have contributed to the formation of more volatile
solids and organic matter. However, a higher organic load
might have caused inhibitory effects such as ammonia accu-
mulation. This condition can suppress methane-forming
archaea and reduce the methane yield efficiency. The COD
levels dropped from 36.41 g L−1 on day 0 to 2.34 g L−1 by day
30, indicating that while the organic matter was degraded, the
system's efficiency in biogas production was lower than that of
other ratios.
RSC Sustainability, 2025, 3, 3483–3498 | 3489
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3.3. The biodegradability under anaerobic condition post-
acclimatization

Post-acclimatization anaerobic biodegradability was further
examined by introducing fresh Ulva lactucamacroalgae into the
inoculum. This step is essential for observing the response of
the system to new organic inputs following acclimatization,
allowing us to understand the capacity of the inoculum to
effectively degrade macroalgae under anaerobic conditions. An
algae-to-cow manure ratio of 2 : 1 was chosen for this study
because it yielded optimal conditions during acclimatization.
Fig. 5(a) illustrates the gas composition following the acclima-
tization process, whereas Fig. 5(b) illustrates the total volumes
of biogas and methane during anaerobic digestion aer accli-
matization using the selected ratio.

From Fig. 5(a), it is clear that methane (CH4) constitutes the
major component of the gas produced, accounting for approx-
imately 65% of the total gas composition, with carbon dioxide
(CO2) accounting for approximately 30%. These results indicate
a well-balanced anaerobic digestion process. Scientically, this
aligns with the expectations of a semi-continuous reactor
system. Methane production becomes predominant aer
acclimatization, indicating effective degradation of organic
matter. The relatively low percentage of CO2 supports the notion
of a stable methane-producing environment. Furthermore, the
pH value aer acclimatization was approximately 7.5, which is
within the optimal range for methane production (6.8–7.8). This
pH range is crucial for maintaining the activity of methanogenic
bacteria. These bacteria thrive under slightly alkaline condi-
tions and support efficient biogas production.

As shown in Fig. 5(b), the cumulative biogas and methane
volumes followed a steady upward trend aer acclimatization,
indicating sustained biogas production. Aer 30 days, the
cumulative methane volume reached approximately 325.75 mL
per g VS, which aligns with the expected methane yields for
macroalgal substrates under anaerobic digestion. Biogas
production showed a similar trend, with the cumulative biogas
volume exceeding 400 mL per g VS by the end of the digestion
period. This steady increase suggests that the inoculum was
successfully acclimatized to the macroalgal feedstock, enabling
effective transformation of organic material into methane.
Table 3 A comparison of the production of methane using macroalgae

Macroalgae species Macroalgae origin

Codium tomentosum Brittany, France
Gigartina spp. North coast of Portugal
Gracilaria Faralhão, Portugal
Laminaria ochroleuca North coast of Portugal
Palmaria palmate Brittany, France
Saccharina latissima North coast of Portugal
Saccorhizapolyschides Brittany, France
Sargassum plagiophyllum Lombok, Indonesia
Sargassum spp. Puerto Morelos, Quintana Roo, Mexico
Ulva lactuca Lombok, Indonesia
Ulva lactuca Faralhão, Portugal
Undaria pinnatida Brittany, France

3490 | RSC Sustainability, 2025, 3, 3483–3498
Moreover, chemical oxygen demand (COD) levels decreased
substantially during this period, indicating a signicant
degradation of organic matter. The reduction in COD correlates
with increased methane production, because the breakdown of
complex organic compounds into simpler molecules is
a precursor to methane formation. The observed trends in COD
reduction and methane yield suggest that the anaerobic system
was highly effective in converting the available organic content
into biogas, conrming the success of the acclimatization
process. This demonstrated the efficiency of the reactor in
utilizing the algae-to-cow manure ratio for optimal methane
production under anaerobic conditions.

The methane production in this study, which used U. lactuca
as feedstock, was compared with the results of previous studies
involving different macroalgal species (Table 3). This compar-
ison allowed for a clearer understanding of the variability in the
methane yield across macroalgal species from different regions.
In this study, U. lactuca from Lombok, Indonesia, yielded
325.75 mL per g VS. This value falls within the range reported by
Barbot et al.14 for U. lactuca from Faralhão, Portugal, producing
200–480mL per g VS. The wide variation inmethane yield might
be attributed to the differing environmental conditions where
the algae were harvested. Habitat plays a critical role in deter-
mining biochemical composition. It has been reported by
Abusweireh (2023)45 that environmental factors, such as fresh-
water and seawater conditions, deep oceans, and rocky coasts,
signicantly inuence the chemical composition of macro-
algae. Additionally, seasonal variations can cause changes in
the chemical makeup of seaweeds, which may lead to variations
in the concentration of inhibitory substances. Consequently,
these factors could have affected the methane yield if the
process was conducted using U. lactuca sourced from different
environmental conditions.

Other species, such as Laminaria ochroleuca, with a yield of
472 mL per g VS, and Saccharina latissima, producing 425 mL
per g VS,47 outperformed U. lactuca. The higher methane
production from these species could be attributed to their
biochemical composition. A higher carbohydrate content is
easily converted to methane during anaerobic digestion. In
contrast, species such as Codium tomentosum from Brittany,
France, produced a much lower methane yield of 158 mL per g
species as feedstock

Methane production [mL per g VS] References

158 Jard et al.46

266 Maia et al.47

280–400 Barbot et al.14

472 Maia et al.47

279 Jard et al.46

425 Maia et al.47

232 Jard et al.46

266.18 Farobie et al.16

387 Chikani-Cabrera et al.15

325.75 This study
200–480 Barbot et al.14

283 Jard et al.46

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Kinetic modeling employing (a) first-order, (b) transference, (c)
logistic, and (d) modified Gompertz models for methane yield.

Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ni
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

0/
11

/2
02

5 
23

:2
0:

14
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
VS,46 indicating signicant variability between species, likely
inuenced by differences in algal structure and environmental
factors.

When comparing macroalgae with terrestrial plants, the
yield of methane from AD of terrestrial feedstock such as pine
wood (0.02 m3 per kg VS) and corn stover (0.107–0.241 m3 per
kg VS) reported by Xu et al.48 is generally lower. This difference
could be explained by the complex lignocellulosic composi-
tion of terrestrial plants, which hinders the microbial break-
down during digestion. In contrast, macroalgae, as indicated
by Zabed et al.,49 contain less lignin, making them more
susceptible to decomposition. Furthermore, Ganesh Saratale
et al.33 noted that the absence of signicant lignin content in
macroalgae facilitates faster conversion to biogas compared
to terrestrial plants. Terrestrial biomass requires more
intensive pretreatment to break down lignocellulosic
materials.

3.4. Kinetic modelling of methane generation

Kinetic modeling of methane production from algae-to-cow
manure at different ratios (1 : 1, 2 : 1, and 3 : 1) provided
insight into the reaction kinetics under various conditions.
Kinetic analysis was performed using four models: rst-order,
logistic, transference, and modied Gompertz models, each
offering a unique perspective on the methane generation
process.

The rst-order kinetic model aids in predicting methane
production based on the assumption that the reaction follows
rst-order kinetics. This model calculates the reaction rate
constant, reecting hydrolysis efficiency, as shown in eqn (1).
The model successfully predicted methane production, high-
lighting the signicant role of hydrolysis rate in the overall
methane yield.50–52

Mt = Mm[1 − exp(−kt)] (1)

where Mt represents methane yield at t time [–], Mm is the
methane yield potential [–], and k denotes the reaction kinetic
constant [per day] In contrast, the transference model empha-
sizes the AD process aer the lag phase has concluded. This
model has been particularly useful for studying feedstocks
where methane generation starts without a noticeable delay,
especially in feedstocks with a minimal lag phase.50,53 The
model describes methane production as a function of time,
methane potential, and maximum specic methane rate, as
shown in eqn (2).

Mt ¼ Mm

�
1� exp

�
m

Mm

ðt� lÞ
��

(2)

where Mt represents methane yield at t time [–], Mm denotes
the methane yield potential [–], l represents the lag phase
period [days], m denotes the maximum specic methane rate
[mL g−1].

The logistic model, with its characteristic sigmoidal curve,
captured the time-dependent behavior of methane generation.
This reects an initial exponential increase, followed by
a gradual deceleration as methane production reaches
© 2025 The Author(s). Published by the Royal Society of Chemistry
a saturation point.54,55 The ability of the logistic model to
describe this dynamic process is demonstrated by eqn (3),
showing good agreement with the experimental data.
RSC Sustainability, 2025, 3, 3483–3498 | 3491
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Fig. 7 Parity plots comparing the experimental data with the kinetic
model using (a) first-order, (b) ternsference, (c) logistic, and (d)
modified Gompertz model.

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ni
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

0/
11

/2
02

5 
23

:2
0:

14
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Mt ¼ Mm

1þ exp

�
4mðl� tÞ

Mm

�
þ 2

(3)
3492 | RSC Sustainability, 2025, 3, 3483–3498
where Mt represents methane yield at t time [–], Mm denotes the
methane yield potential [–], l represents the lag phase period
[days], m denotes the maximum specic methane rate [mL g−1].

The modied Gompertz model shown in eqn (4) provides
a detailed description of the methane generation process,
particularly for cases with noticeable lag phases. This model
accounts for the exponential phase and deceleration in
methane production as the system stabilizes at the maximum
yield.54,56 It is widely used to describe biological growth
processes, including methane generation.

Mt ¼ Mm$exp

�
�exp

�
m$e

Mm

ðl� tÞ þ 1

��
(4)

whereMt represents methane yield at t time [–],Mm denotes the
methane yield potential [–], l represents the lag phase period
[days], m denotes the maximum specic methane rate [mL g−1],
and e is the mathematical constant (2.718282).

The kinetic constants of the models, i.e., m (maximum
specic methane rate), Mm (methane potential), and l (lag
phase time) were determined using the least-squares-error (LSE)
approach, ensuring a robust t between the experimental and
predicted data. An analysis comparing the experimental results
and the four models for different feedstock ratios is shown in
Fig. 6.

This gure shows that the models effectively described
methane production, with each model capturing different
aspects of the process. The accuracy of each model was assessed
using the coefficient of determination (R2), as shown in Fig. 7.

The parity plots in this gure compare the experimental data
with the predictions from each model. Based on parity plots
comparing the experimental data with the models, the modied
Gompertz model most accurately represented the experimental
data, with the highest R2 value of 0.999, indicating its superior
ability to capture the complex kinetic behavior of the system.
The logistic model followed, with an R2 of 0.9981, showing
a strong correlation owing to its effectiveness in modeling
systems with growth and saturation effects. The transference
model exhibited a slightly lower R2 value of 0.9956, reecting its
relevance in systems where diffusion or material transfer plays
a signicant role but not as accurately as the logistic or Gom-
pertz models. The rst-order model had the lowest R2 value of
0.9879, suggesting that while it captures basic kinetic trends, it
is insufficient for modeling more complex systems with
multiple inuencing factors.

The results of the calculations for kinetic modeling using the
rst-order, transference, logistic, and modied Gompertz
models are summarized in Table 4. The kinetic parameters,
namely the maximum methane potential (Mm), rate constant
(k), lag phase (l), and specic methane production rate (m), were
obtained for different algae-to-cow manure ratios (1 : 1, 2 : 1,
and 3 : 1). In comparison, the rst-order kinetic model yielded
the highest values of Mm at a 2 : 1 ratio (0.9477), but demon-
strated a lower rate constant (k), decreasing from 0.0442 per day
at a 1 : 1 ratio to 0.0399 per day at a 3 : 1 ratio, indicating that
while the methane potential increased with a higher algae ratio,
the reaction slowed slightly.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Kinetic parameters determined by first-order, transference, logistic, and modified Gompertz kinetic model

Kinetic model
Kinetic
parameter

Algae-to-cow manure
ratio of 1 : 1

Algae-to-cow manure
ratio of 2 : 1

Algae-to-cow manure
ratio of 3 : 1

First-order Mm [—] 0.8079 0.9477 0.6670
k [per day] 0.0442 0.0427 0.0399

Transference Mm [—] 0.6377 0.7430 0.5016
l [days] 2.6047 2.6574 2.8185
m [mL g−1] 0.0534 0.0605 0.0417

Logistic Mm [—] 0.5366 0.6225 0.4128
l [days] 3.7789 3.9918 4.0578
m [mL g−1] 0.0432 0.0496 0.0358

Modied Mm [—] 0.2030 0.2353 0.1569
Gompertz l [days] 8.0982 8.3369 8.1571

m [mL g−1] 0.0157 0.0181 0.0128
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In contrast, the modied Gompertz model predicted signif-
icantly lower methane potential values across all ratios, withMm

values ranging from 0.2030 for the 1 : 1 ratio to 0.1569 for the 3 :
1 ratio. This model also provides a longer lag phase (l) with
values of approximately 8.09 to 8.34 days. A longer lag phase
suggests a delayed onset of methane production. This obser-
vation aligns with previous research by Pardilhó et al.,57 who
reported a similar range of lag phase periods (6.6 to 9.8 days) for
the AD of macroalgal waste.

A trend was observed across all models when examining the
effect of the algae-to-cow manure ratio on kinetic parameters.
Higher algae ratios (3 : 1) generally led to reduced methane
potential and production rates (m), particularly in the logistic
and modied Gompertz models. This could be attributed to the
varying biodegradability of algae compared to cow manure,
where an increase in algae content may introduce more
complex organic matter, leading to a slower degradation rate,
and consequently, lower methane yields. The transference
model showed a moderate decrease in methane potential and
production rate with increased algae content, but maintained
lower lag phases than the logistic or modied Gompertz
models, suggesting a relatively quicker adaptation phase for
methanogenic activity.

While the coefficient of determination (R2) is commonly
used to evaluate the model t, the kinetic parameters derived
from each model offer deeper insights into reactor design and
operational strategies, which are crucial for optimizing biogas
production. For example, in the rst-order model, the rate
constant (k) provides valuable information on the hydrolysis
efficiency and speed at which the feedstock degrades. A higher k
indicates faster degradation, making it suitable for high-rate
reactors that require shorter hydraulic retention times
(HRTs).58 Lower k values, observed with higher algae ratios,
suggest slower degradation, which would favor reactors with
longer HRTs or batch operations, where slower processes can
occur. In the transference model, the lag phase (l) and
maximum specic methane rate (m) indicate the reactor startup
and loading strategies. A shorter lag phase and higher m indi-
cate that a system can quickly adapt to varying feedstock
conditions, making it more suitable for reactors with variable
feeding schedules or those transitioning between different
© 2025 The Author(s). Published by the Royal Society of Chemistry
feedstocks. Conversely, a longer lag phase may require careful
attention to feedstock loading and temperature control to avoid
inefficiency during start-up. A logistic model, with its charac-
teristic sigmoidal curve reecting the growth and saturation
phases, is valuable for reactor design. In continuous reactors,
knowing the saturation points helps to adjust the organic
loading rate (OLR) to maintain the reactor in the exponential
growth phase for maximum biogas production, avoiding the
plateau phase that can lead to a decrease in production effi-
ciency. The time to reach saturation also informs decisions
regarding the frequency of the feeding cycles and mixing.
Finally, the modied Gompertz model, incorporating the lag
phase and exponential growth phase, provides important
insights into reactor startup, stabilization, and the maximum
possible methane yield. The modied Gompertz model is
particularly well suited for a continuous stirred tank reactor
(CSTR) because it accurately captures the dynamics of both the
start-up phase and the continuous nature of the digestion
process, where methane production increases exponentially
before stabilizing. This model's parameters establish a direct
relationship between maximum production rates and opera-
tional settings, allowing for ne-tuning reactor performance to
achieve optimal yield.5

3.5. Response surface methodology

Response Surface Methodology (RSM) was employed to opti-
mize the anaerobic digestion process of U. lactuca with the aim
of enhancing methane yield. To assess the impact of two critical
factors, fermentation time (A) and the algae-to-cow manure
ratio (B), on methane production, a Box–Behnken design (BBD)
was utilized. This experimental design facilitated the explora-
tion of interaction effects and development of a quadratic
regression model to predict outcomes.

RSM analysis led to the creation of a robust quadratic model,
providing insights into how these variables interact to inuence
the methane yield. The relationship between actual and pre-
dicted methane yields is shown in Fig. 8. The plot demonstrates
a close agreement between the predicted and experimental
data, indicating that the model accurately represents the
system, as evidenced by the R2 value of 0.9414. This high R2

value signies the strong predictive ability of the model and
RSC Sustainability, 2025, 3, 3483–3498 | 3493
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Fig. 8 Actual versus predicted plots of methane yield using RSM.
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conrms its suitability for optimizing the methane production
from U. lactuca under the tested conditions.

The analysis of variance (ANOVA) results for the anaerobic
digestion of Ulva lactuca inoculated with cow manure are
summarized in Table 5. ANOVA provides insights into the
inuence of different variables on methane yield, highlighting
the key factors that signicantly inuence the outcome. The
total sum of squares of the model (1976.04) indicates that the
overall variability in the methane yield can be largely inter-
preted by the factors analyzed. The high F-value of 212.28,
combined with a p-value of less than 0.0001, conrmed the
statistical signicance of the model, suggesting that the exper-
imental design effectively captured the relationships between
variables.

In the one-way ANOVA, fermentation time (factor A) emerged
as a crucial variable, with a sum of squares of 1507.14 and
a notably high F-value of 809.55 (p < 0.0001), indicating its
dominant role in methane production. This suggests that
extending or varying the fermentation time signicantly affects
the methane yield, likely due to enhanced microbial activity
Table 5 One-way analysis of variance (ANOVA) for methane yields

Source Sum of square Df

Model 1976.0 1
A-Fermentation time 1507.1 5
B-Algae-to-cow manure ratio 4.8 1
AB 352.8 1
A2 2.6 1
B2 110.7 1
Residual 91.2 49
Lack of t 4.0 3
Pure error 87.2 46
Cor total 2125.9 55
Std. dev. 1.4
Mean 55.7
C.V.% 2.5
R2 0.956
Adjusted R2 0.951
Predicted R2 0.94
Adeq precision 52.518

3494 | RSC Sustainability, 2025, 3, 3483–3498
over longer digestion periods. The algae-to-cow manure ratio
(factor B), although showing some variability (sum of squares =
4.79), was not statistically signicant (F-value = 2.58, p =

0.1150). This suggests that, within the range tested, changes in
the ratio had a minimal impact on methane yields. This may
indicate a saturation point or an optimal balance between algae
and cow manure for anaerobic digestion.

The interaction between fermentation time and the algae-to-
cow manure ratio (AB) demonstrated a signicant effect (sum of
squares= 352.78, F-value= 189.49, p < 0.0001). This interaction
indicates that the combined inuence of these two variables is
more pronounced than their individual effects, possibly sug-
gesting synergistic mechanisms at certain combinations that
enhance the methane production efficiency. Additionally, the
nonlinear effects of both factors were assessed, with B2 (the
squared term of the algae-to-cow manure ratio) showing
statistical signicance (F-value = 59.44, p < 0.0001). In contrast,
A2 (the squared term of the fermentation time) was not signif-
icant (F-value = 1.42, p = 0.2399). This emphasizes that devia-
tions in the algae-to-cow manure ratio have a more complex,
nonlinear effect on methane yields than the fermentation time.
The residual error was relatively low (91.22), and the coefficient
of determination of the model (R2 = 0.9559) indicated a strong
t, meaning that 95.59% of the variability in methane yield
could be explained by the model. The adjusted R2 (0.9514) and
predicted R2 (0.9414) values further conrm the robustness and
predictive accuracy of the model. The Adeq precision value of
52.5176 indicates a strong signal-to-noise ratio. This supports
the reliability of the experimental design.

Fig. 9 illustrates the three-dimensional surface and contour
plots depicting the interaction between fermentation time and
algae-to-cow manure ratio in relation to methane yield. The
plots revealed that methane production was inuenced by both
the parameters. The three-dimensional surface plot showed
that increasing the algae-to-cowmanure ratio initially enhanced
methane yield. However, further increases beyond a certain
point led to a decline. This behavior suggests the presence of an
optimal ratio that maximizes the synergy between the organic
Mean square F-Value p-Value Note

395.2 212.3 <0.0001 Signicant
1507.1 809.6 <0.0001
4.8 2.58 0.115
352.8 189.5 <0.0001
2.6 1.42 0.2399
110.7 59.44 <0.0001
1.9
1.3 0.708 0.552 Signicant
1.9

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Three-dimensional surface and (b) contour plots ofmethane
yield against fermentation time and algae-to-cow manure ratio.

Table 6 Assumptions for calculating the financial analysis of co-
digestion of macroalgae and cow manure for biogas production

Item Value Unit

Project period 10 Year
Biogas production 0.1945 m3 kg−1

Reactor capacity 7 m3

Starter volume 0.67
Starter biomass 30%
Initial biomass requirements 2100 kg
Biomass content per day 10%
Biomass requirements per day 210 kg
Macroalgae : cow manure ratio 2
Macroalgae requirements 140 kg per day
Cow manure requirements 70 kg per day
Water requirements 280 per day
Biogas production 15.16 m3 per day
Biomass shrinkage 20%
Biogas waste 168 kg per day
Sludge shrinkage 10%
Organic fertilizer 151.2 kg per day
Organic fertilizer price 600 IDR per kg
Biogas prize 1000 IDR per m3

Ination 5%
Interest rate 14%
Macroalgae price 100 IDR per kg
Cow manure price 100 IDR per kg
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content of algae and cow manure, promoting efficient fermen-
tation. Additionally, the plot shows that extending the fermen-
tation time generally improved methane production. However,
the rate of increase diminishes aer reaching an optimum
period, indicating that prolonged fermentation may lead to
substrate depletion or the accumulation of inhibitory by-
products. While this study does not directly measure or
analyze the concentrations of known inhibitors, such as
ammonia or volatile fatty acids (VFAs), it is important to note
that the accumulation of these by-products could contribute to
the observed reduction in methane production. As reported by
Li et al. (2023),59 longer fermentation times can lead to an
increase in ammonia concentration, which is known to inhibit
methanogenic activity and reduce methane yield. The contour
plot complements these observations by providing a clearer
view of interactive effects. This shows regions where the
methane yield remains high, helping to identify the optimal
conditions for biogas production. Specically, the highest yields
were concentrated around intermediate values of the algae-to-
cow manure ratio (2 : 1) and moderate fermentation times (24
days), reecting a balance that facilitates effective microbial
activity.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.6. Economic analysis

A techno-economic evaluation was conducted to assess the
nancial feasibility of biogas production from the co-digestion
of U. lactuca and cow manure at a mixing ratio of 2 : 1. The
analysis employed several standard nancial indicators
including Net Present Value (NPV), Internal Rate of Return
(IRR), Net Benet-Cost Ratio (Net B/C), and Payback Period
(PBP). Table 6 lists the assumptions used in the analysis.

The project was modeled over a 10-year operational horizon
with a daily reactor capacity of 7 m3, aligned with the conditions
typically observed in small-scale decentralized biogas installa-
tions in the Lombok region. The chosen substrate mix consisted
of 140 kg per day macroalgae and 70 kg per day cow manure,
with an additional water requirement of 280 L per day to ensure
optimal anaerobic digestion conditions. The selling prices for
biogas and fertilizer were set at IDR 1000 per m3 and IDR 600
per kg, respectively, based on the local market values in Lom-
bok. On the cost side, the raw material price was assumed to be
IDR 100 per kg for both macroalgae and cow manure. The
ination and interest rates were xed at 5% and 14%, respec-
tively, in line with the prevailing economic conditions in
Indonesia.

The establishment of a macroalgae processing unit for
biogas production involves an initial capital investment that
contributes to the project's xed cash outows. Table 7
summarizes the components of this investment, including their
quantities, unit prices, total costs, estimated economic life,
residual values, and the corresponding annual depreciation
values. The total investment cost required for the biogas
production facility is IDR 54 910 000, which includes land
acquisition, installation of the biogas reactor, and procurement
RSC Sustainability, 2025, 3, 3483–3498 | 3495
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Table 7 Investment costs and depreciation of biogas processing units

No Component Quantity Unit
Price/
unit (IDR)

Total
cost (IDR)

Economic
life (Years)

Residual
value (IDR)

Annual
depreciation (IDR)

1 Land 10 m2 500 000 5 000 000 0 10 000 000 0
2 Biogas installation 1 unit 45 000 000 45 000 000 10 4 500 000 4 050 000
3 Sack sewing machine 1 Unit 1 000 000 1 000 000 5 100 000 180 000
4 Digital weighing scale 1 Unit 1 000 000 1 000 000 10 100 000 90 000
5 Water Pump 1 Unit 750 000 750 000 5 75 000 135 000
6 Water pipeline installation 30 m 30 000 900 000 5 90 000 162 000
7 Production equipment

(scoop, waste stirrer, and hoe)
1 Unit 1 260 000 1 260 000 2 0 630 000

Total (IDR) 54 910 000 14 865 000 5 247 000

Table 8 Operating costs of the biogas processing unit in the first year

No Description Quantity Unit Price/unit (IDR) Total (IDR)

I Variable costs
1 Macroalgae 50 400 kg 100 5 040 000
2 Manure 25 200 kg 100 2 520 000
3 Starter culture 1 Liter 120 000 120 000
4 Sacks 2722 Unit 1500 4 083 000

Sub total 11 763 000
II Fixed costs

1 Employee salary 1 Person 6 000 000 6 000 000
2 Maintenance 12 Month 50 000 600 000
3 Electricity 12 Month 0 0
4 Phone 12 Month 50 000 600 000

Sub total 7 200 000
Total (IDR) 18 963 000
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of necessary operational equipment. The largest investment
component is biogas installation, priced at IDR 45 000 000 for
a 7m3 digester sourced from PT. Swen is a reputable Indonesian
provider of renewable energy technologies. This unit is expected
to operate for 10 years. The land cost, listed at IDR 5 000 000 for
10 m2, was based on the government-determined property value
(NJOP) for the Lombok region. The total residual value of all
capital items (excluding land appreciation) is IDR 14 865 000,
while the aggregate annual depreciation is calculated at IDR 5
247 000. This depreciation cost is essential for accurately esti-
mating operational protability and is integrated into the
project's annual expense projections for nancial modeling and
cash ow analysis.

The operational feasibility of the macroalgal biogas pro-
cessing unit was assessed through a detailed breakdown of the
rst-year operating costs, as summarized in Table 8. These costs
Table 9 Feasibility criteria for biogas production from co-digestion of
macroalgae and cow manure

Investment criteria Value

NPV IDR 83 216 749
IRR 40.71%
Net B/C 2.52
PBP 2.68 years

3496 | RSC Sustainability, 2025, 3, 3483–3498
were categorized into variable and xed costs, each of which
directly contributed to the net cash outows and protability of
the project.

As mentioned above, the nancial feasibility of the biogas
production unit from the co-digestion of macroalgae (U. lactuca)
and cow manure was evaluated using NPV, IRR, Net B/C, and
PBP, with an assumed interest rate of 14% based on the pre-
vailing rate at Bank Rakyat Indonesia (BRI). The calculation
results for nancial feasibility are presented in Table 9. The
analysis yielded an NPV of IDR 83 216 749, indicating that the
project would generate a net gain in the present value over its
10-year lifespan. This positive NPV conrms that the business is
nancially viable and expected to provide economic benets
beyond the initial investment. The IRR was calculated at
40.71%, which is signicantly higher than the 14% discount
rate, suggesting that the return on investment from this biogas
system is substantially better than the conventional bank
savings or lending rates. The Net B/C ratio of 2.52 means that
for every IDR 1 invested, the project is expected to return IDR
2.52 in benets, demonstrating the strong cost-effectiveness of
the operation. Moreover, the payback period of 2.68 years shows
that the initial investment will be recovered relatively quickly,
well within the project duration, leaving several years of prot
generation. Overall, these nancial indicators strongly support
the conclusion that the macroalgae biogas project is a protable
and sustainable venture suitable for implementation, particu-
larly in regions with abundant organic waste and marine
biomass resources.
4 Conclusion

This study highlights the potential of U. lactuca as a viable
feedstock for anaerobic co-digestion with cow manure, rein-
forcing its role in sustainable biogas production. The 2 : 1 algae-
to-cow manure ratio provided the highest methane yield,
reaching 325.75 mL per g VS, and the cumulative biogas yield
exceeded 400 mL per g VS, indicating an efficient substrate
conversion. Themodied Gompertz model best represented the
methane production process and achieved a high coefficient of
determination (R2 = 0.999). The model also indicated that
under optimal conditions, the shortest duration required to
generate methane (l) was 8.3 days, reecting the efficient
© 2025 The Author(s). Published by the Royal Society of Chemistry
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adaptation of the microbial community to the substrate.
Response surface methodology (RSM) analysis also identied
fermentation time and substrate ratio as the key parameters
inuencing methane yield. These ndings support the inte-
gration of marine biomass into anaerobic systems, thereby
advancing circular bioeconomy strategies in the wastewater
treatment sector.
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