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ARTICLE INFO ABSTRACT

Keywords: Global warming is the result of traditional fuel use and manufacturing, which release significant
Biogas volumes of CO; and other greenhouse gases from factories. Moreover, rising energy consumption,
Biofuel anticipated limitations of fossil fuels in the near future, and increased interest in renewable en-
Bioenergy . P . PR .

Al ergies among scientists, currently increase research in biofuels. In contrast to biomass from urban

ae . . . .

Diiestion waste materials or the land, algae have the potential to be a commercially successful aquatic

energy crop, offering a greater energy potential. Here we discuss the importance of Anaerobic
Digestion (AD) for enhanced biogas yield, characterization, and comparisons between algae
pretreatment methods namely, mechanical, thermal, microwave irradiation, and enzymatic and
catalytic methods. The importance of anaerobic digestion enhances biogas yield, characterization,
and comparisons between mechanical, thermal, microwave irradiation, and enzymatic and cat-
alytic treatment. Additionally, operational aspects such as algal species, temperature, C/N ratio,
retention period, and particle size impact biofuel yield. The highest algal biogas yield reported
was 740 mL/gVS, subtracted from Taihu de-oiled algae applying thermos-chemical pretreatment
under conditions of temperature, time, and catalyst concentration of 70 °C, 3 h, and 6%,
respectively. Another high yield of algal-based biogas was obtained from Laminaria sp. with
mechanical pretreatment under temperature, time, and VS concentration of 38 + 1 °C, 15 min,
and 2.5% respectively, with a maximum yield of 615 + 7 mL/g VS. Although biofuels derived
from algae species are only partially commercialized, the feedstock for biogas might soon be
commercially grown. Algae and other plant species that could be cultivated on marginal lands as
affordable energy crops with the potential to contribute to the production of biogas are promising
and are already being worked on.

1. Introduction

Environmental challenges about the emission of greenhouse gases have driven the hunt for alternative cyclical energy sources.
There have been high aspirations for using algae to produce biofuels for a long time [1]. The idea of using algae in biofuel production is
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Fig. 1. The four generations of biomass, namely edible, non-edible, algae based and genetically modified organisms, are explained.

k]

less explored due to the challenges associated with commercial cultivation. Biogas production methods are well-known, efficient, and
adaptable to a variety of substrates. First, second, third, and fourth generations are the categories used to categorize biofuels in general.
Each generation of biofuels attempts to satisfy the world’s energy requirements while minimizing negative environmental effects.
Sustainability aims to maintain economic progress while safeguarding the environment and meeting human needs [2,3]. Fig. 1 pre-
sents the four generations of biomass.

The first-generation biofuels are made from edible biomass including sugarcane and maize, which necessitate exhaustive rural
lands to produce enough to trade fossil fuels, resulting in food production rivalry, increasing land clearance, and environmental
degradation linked with crop yields and cultivation. The 2nd generation of biomass is based on more efficient renewable substitutes by
using inedible lignocellulosic biomass, including switchgrass, sawdust, affordable woods, crop wastes, and municipal wastes; none-
theless, more effort is needed to produce biofuels at competitive costs and quantities [4]. On the other hand, the 3rd and 4th generation
feedstock has the capacity to be a long-term biofuel source. More specifically, using algae in biogas production provides a viable option
with fewer environmental consequences. However, more research is needed to identify a low-cost method for biofuel production with
improved energy efficiency [5]. In order to increase the renewable and sustainable supply of energy, the United Nations has estab-
lished the Sustainable Development Goals (SDGs). Biofuels or bioenergy are viewed as a promising way to achieve the SDGs by
reducing a country’s heavy reliance on fossil fuels and fostering an effective resource/waste valuation system and green economy [6].
Algae are a potential renewable biomass source that can substitute for fossil fuels and contribute to the realization of Sustainable
Development Goals such as SDG 13 (climate action) and SDG 7 (affordable and clean energy for all) [7,8].

2. Algae-based biogas production

Biogas is a gas that is both combustible and caustic, being produced from any biomass of organic waste, including lignocellulose
waste, grass, and leaves wastes, aquatic litter, microorganism waste, domestic solid refuse, and macro-algae. Usually, the composition
of biogas is determined by the biomass used in the AD process as well as its operating conditions including, pH, temperature, pressure,
and alkalinity, however, CH4, CO2, Ny, Hy, water, and traces of hydrogen sulfide (H2S) commonly found in biogas [9,10]. Biogas
produced from algae wastes is attracting attention due to a high proportion of volatile solids providing large-scale production of
renewable energy with a low carbon footprint and environmental impact while being economically viable [11,12]. Of these aquatic
wastes, microalgae are a third-generation feedstock in biogas production based on fast-growing unicellular organisms in saline,
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Fig. 2. Algae to biogas production is carried out through pre-treatment, anaerobic digestion, storage, and transportation.

brackish and fresh waters [13]. Microalgae are single-cell photoautotrophic organisms mostly composed of water, that have a high
reproduction rate leading to high carbon capture therefore valuable feedstock for biogas production [14]. Microalgae provides a
competitive advantage of higher yield per unit area due to their higher rate of growth Microalgae produced in sewage as a culture
medium reduces the need for freshwater, and this type of microalgae does not compete and therefore does not affect food crops when
grown on uncultivable land [15].

Fig. 2 shows the multiple stages of biogas production using algae including the algae pre-treatment stage and the anaerobic
digestion stage starting with anaerobic digestion in the anaerobic unit to create digestate and biogas. COs is introduced into ponds as a
source of carbon for the development of algae. While the oil made from algae is transesterified using syngas to provide the necessary
methanol, the algae need CO; to flourish. The anaerobic digester (bioreactor) uses microorganisms to break down sludge or manure in
the absence of oxygen. Continuous, parallel processes like hydrolysis, acidogenesis, acetogenesis, and methanogenesis convert the
initial material (carbohydrates, lipids, and proteins) into carbon dioxide and methane gases [16]. For the efficient transformation of
the biomass that will enhance the production of bioenergy, just before the AD step, pretreatment of the starting material is carried out,
which encourages the cellulosic biomass to produce large quantities of cellulose, converting it through enzymatic processes into
carbohydrate polymers fermentable sugars [17]. As a result of the carbohydrates, lipids, and protein found in algal biomass, which
undergo breakdown into carbon dioxide and methane to produce high-quality fertilizer and methane-rich biogas, lignocellulosic
substrates have a restricted potential to biodegrade [18-20]. As an effective remedy for the world’s energy crisis, biogas has
demonstrated considerable potential as a renewable energy source for both private and industrial applications. Using biomass re-
sources as a renewable feedstock for the production of power, gasoline, chemicals, and hydrogen has grown in popularity due to
growing environmental and policy concerns about pollution and global warming. The production of biofuels, thermal applications like
lighting, heating, and cooking, as well as power generation, are the main uses of biogas. Each year, more than 7000 Megawatts of
electrical power are generated using biogas [21].

3. Anaerobic digestion

One of the most intriguing approaches for producing biogas is the anaerobic digestion of algae like seaweed, which is also utilized
for wastewater treatment [22-24]. The organic component of biomass, which includes plants, algae, and other microbes, may be
converted into biogas, a mixture of CH4 and CO2, through anaerobic digestion (AD). Also produced during the process is digestate, a
useful organic fertilizer that can take the place of artificial fertilizers in sustainable agriculture. Anaerobic digestion offers a better
method for valorizing wet material with high moisture content, such as algae. Bacteria transform organic substrates into a variety of
gases through a series of processes known as anaerobic digestion (AD), that take place without the presence of oxygen. It mostly
consists of the gases carbon dioxide (CO2) and methane (CH4), with very small amounts of oxygen (02), nitrogen (N), ammonia
(NH3), halogenated hydrocarbons, siloxanes, and hydrogen sulfide (H2S). Fig. 3 depicts the reactions that take place in each of the
conversational phases, including hydrolysis, acidogenesis, acetogenesis, and methanogenesis [25-27].

The anaerobic breakdown activates a number of specialized bacteria to form methane gas, CO, water, hydrogen sulfide, and
ammonia [28]. In addition to the biogas CO2, microalgae enable the simultaneous bioremediation of digestate and the nutrient-rich
liquid digestate that results from anaerobic digestion. The use of microalgae to recover nitrogen from AD effluent and upgrade biogas
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Fig. 3. Anaerobic digestion of algae.

has recently attracted more study attention. Studies have shown that co-cultivating bacteria and microalgae can produce biomass more
effectively and eliminate more nutrients than microalgae grown separately [29]. The metabolism of different microbes simultaneously
restricts each other in the process, resulting in a complex ecosystem. The best strategy to maximize an anaerobic digestion process is to
choose critical operation parameters [30-32]. Unwanted sulfide generation, overly salinity, and the existence of lignin components
can all have a negative impact on the rate at which algae biogas is produced. However, by utilizing a range of pretreatment methods
such as mechanical, thermal, microwave, enzymatic, and catalytic irradiation, the rate of biogas production can be boosted [33].
Current research focuses on using microalgae to improve biogas made from swine wastewater treated with AD. It has been demon-
strated that microalgae remove more than 99% of H,S from biogas and proved that microalgae removal of CO, and H,S is a potential
technique for biogas upgrading [29].

4. Pretreatment of algae for biogas production

Pretreatment is performed by a variety of techniques including mechanical techniques, ultrasound methods, thermal methods,
microwave methods, and combined methods; although it is a costly and energy-draining process, it is important to improve the sol-
ubility of the biomass and break down its cell wall, which helps to obtain the internal components such as lipids and proteins from
microalgae. Different techniques, including mechanical, thermal, ultrasonic, microwave, and hybrid methods used for pretreatment.
Pretreatment of microalgae increases bioenergy productivity rate while shortening the processing time and improving the final
absorbed substance quality. The purpose of microalgae pretreatment is to release the simpler proteins and lipids by removing the cell
wall’s complex polysaccharides and converting them into simple monomers. Several variables significantly reduce or even prevent the
formation of biogas in microalgae-mediated processes through methane digestion. Lack of Carbon to Nitrogen ratio in the digested
feedstock is one of the limiting factors together with cellulose and hemicellulose being harmful to anaerobic bacteria [34]. Never-
theless, polymer organic components such as cell walls, polyphenols, cellulosic fibers, and lignin have lower biodegradability, due to
low bacterial efficiency alleviated through hydrolysis improving algal solubility [35,36]. The selection of pretreatment methods is
determined by the chemical composition of the algae, as using low-energy processing techniques results in lower yield, the process’
energy balance has to be positive for it to have a practical impact [37]. The choice of the pretreatment method is mainly determined by
the cost of operation.
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4.1. Mechanical methods

For microalgal biomass, mechanical pretreatment comprises physical techniques including milling that aim to reduce size or
rupture cell walls by inflicting physical damage (ultrasound, microwave). The cavitation created by soundwave pretreatment causes
the cell wall to rupture resulting in broken hydrogen bonds in macromolecules, altering their structures though not all chemical bonds
are broken [38].

Mechanical pretreatment, using blades, knives, and hammers increases biogas production by converting net lignocellulose biomass,
without generating any hazardous side streams, and is thus suitable for industrial applications [39,40]. The ultimate size of particles
was between one and 2 mm, and the most popular techniques involved cutting and chopping. Cell lysis and the dissolution of the
polymeric network are brought about by the heat produced by the motion of polar molecules throughout microwave pretreatment.
Additionally, the ultrasonic technique generates pressure waves that stir up the solution and cause hydromechanical shear stresses that
change the biosolid’s structural makeup [41-43]. Pretreatment makes the breakdown of microorganisms and enzymes easier in
anaerobic digestion, and it operates without the use of chemical or enzymatic additives, resulting in higher energy dissipation rates and
specialized equipment costs increasing capital and operating costs [44,45]. Both microwave and ultrasound techniques are mechanical
treatments, and the effectiveness of microwave (MW) pretreatment is contingent upon the density of biomass used, radiation level, and
biochemical composition of the substrate. These methods offer better heating efficiency due to direct contact with walls resulting in
hydrogen bond breaks [46]. Even though electrical power is transformed to heat equally in the feedstock, it necessitates a considerable
energy input, high irradiation power, and a lengthy exposure period [40]. Ultrasound is less efficient at producing methane from the
microalgae Monoraphidium sp. and Stigeoclonium sp. than mechanical and thermal pretreatments for AD. Despite making up the
majority of biomass and the cell wall, proteins, and carbohydrates were more soluble. There was a linear association between the input
of energy and the amount of soluble chemical oxygen demand (sCOD) discharged when the input of ultrasonic energy was increased for
S. obliquus and C. sorokiniana. The chosen microalgal strain, the properties of the cell walls, and the total cost and energy needs of the
AD process are the factors influencing the effectiveness and use of the ultrasound pre-treatment approach. It is reported that ultra-
sonography for large-scale biogas production is a feasible method and could offer better efficiency of pre-treatment in terms of cell wall
disintegration. When a substrate has significant fiber content and poor degradability, mechanical pretreatment breaks it up, which
boosts biogas production and speeds up decomposition [47].

4.2. Enzymatic and catalytic methods

Enzymes operate as catalysts and speed up chemical reactions without changing the balance of the reaction and are frequently
found as proteins in nature [48]. Enzymatic pretreatment has been successful in breaking down cell walls, releasing soluble organic
substances for processing, and enhancing biogas generation during AD [49]. Cellulase, -amylase, -glucosidase, endo-xylanase, mar-
ginal laccase, laccase peroxidase, and manganese peroxidase are popular enzymatic pre-treatment options used while, these enzymes
disassemble both cellulose and hemicellulose’s polymeric structures, resulting in the byproducts cellobiose, glucose, arabinose, and
xylose [50]. The primary benefit of enzymatic pre-treatment is its targeted impact on holocellulose de-polymerization without any
sugar loss. In addition, the DF stage of hydrogen synthesis is a bacterial pre-treatment for methanogenesis. Similar bacteria that are
involved in AD activities also generate byproducts during DF, including VFAs, ethanol, and lactic acids [51,52]. Enzymatic pre-
treatment of algal biomass requires a large investment on an industrial scale, and the ideal solution is to find microorganisms that
overexpress enzyme-coding genes [53].

Due to minimal energy-draining, high yield of fermented sugars released from biomass under mild operating set-up, lack of eroding
problems, and few by-products created, pretreatment with enzymes are considered an eco-friendly procedure. It is possible to
differentiate between two categories of enzyme processors based on the origin of the enzymes, which are categorized to be either
endogenous enzymes or commercialized exogenous enzymes. The process could suffer from the cost of commercial enzyme
manufacturing [54] and combining sonication and enzymatic treatments were more effective than the enzymatic one singly in
breaking the cell wall of S. quadricauda [55]. Nanoparticle N-fibers, N-tubes, and N-sheets are applied in the bioenergy sector to
increase the efficiency of catalysis and the modification of feedstock enhancing reaction kinetics by enhancing the catalytic activity of
microorganisms [56,57]. In addition, it helps to dissolve raw materials, chemical alteration of organic compounds, and release
bio-polymeric components such as carbohydrates and proteins [58,59].

4.3. Thermal methods

Thermal pretreatment is essential to dissolve the substrate cytomembrane, accelerating hydrolysis processes and biogas output
[60]. Thermal pretreatment procedures effectively damage algal cells while using less energy. In order to dissolve the hydrogen bonds
that keep the biomass’s mechanical strength, the temperature is applied to its surfaces by heat exchange during heat treatment, which
increases the production of biogas. Temperatures exceeding the ideal range, however, tend to be corrosive and accelerate the pro-
duction of inhibitory compounds, which lowers the efficiency of bioconversion [61,62]. The hydrothermal method is a type of thermal
pretreatment that could also remove a higher proportion of hemicellulose and a specific amount of lignin from lignocellulose materials
by decomposing them into soluble fractions while also alienating the resistant arrangement [63]. Pyrolysis is the thermal decompo-
sition of biomass in an inert environment at a high-temperature range of 400-600 °C. Pyrolysis of algal biomass has yielded consistent
and favorable results in contrast to other conversion techniques, which may lead to their commercialization [64]. Biomass is heated at
temperatures below 100 °C during the thermal process, while it requires higher temperatures in hydrothermal pretreatment followed
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by an increase in pressure. A positive association exists between biomass solubilization affected by temperature and time and methane
yield, with temperature sometimes having a greater impact on thermal pretreatment [65].

Table 1 shows the yields using different pretreatment methods, Chlorella minutissima microalgae and Ulva lactuca macroalgae oil
waste was used to explore the impact of temperature and the size of particle parameters on biogas formation. One of the most common
seaweeds in Turkey is U. lactuca macroalga, and it has considerable potential for waste. Since C. minutissima oil content is suitable for
generating biogas, it is widely cultivated; nevertheless, the extraction process produces a lot of waste. During 30-day retention period,
a1:4 W/W alga to inoculum ratio and at 55 °C, the maximum biogas yield for Ulva lactuca macro-algae achieved was 342.59 cm®/g VS.
The maximum biogas obtained was 341.43 cm®/g VS for O-E Chlorella minutissima microalgae. This quicker biomass hydrolysis
induced by the lower particle size that is because hydrolysis enzymes can more easily attach to substrates [11]. Algal biomass
Enteromorpha underwent pretreatment using Co NPs + MW. The maximum total biogas generation, 53.60 mL/g TS, was achieved at 6
min, 600 W, and 1 mg/L of cobalt (Co) NPs. Anaerobic digestion was performed in batches for 264 h. This study reported that mi-
crowave pretreatment begins early in green algae hydrolysis with a reduced lag time. NPs had a positive effect on biogas output during
the last stages of anaerobic digestion [58].

Laminaria sp. and Ascophyllum nodosum, two native Irish seaweeds, examined as potential feedstock for the AD process used to
produce methane. Laminaria sp. is shown to be more suited for biogas conversion than Ascophyllum nodosum, according to the data,
which also showed that methane yields had generally increased by 40%. The RSM analysis showed that, in comparison to the pre-
treatment period, the VS concentration significantly affected the methane production of both species. The research indicated that
Laminaria sp. and Ascophyllum nodosum produce the most biogas, at rates of 615 7 %l VS and 402 %l VS, respectively. These yields were

reached at 2.5% VS and 1% VS, and by extending the beating time to 15 min [66]. Generally, ultrasound and microwave pretreatment
are more effective than untreated biomass at increasing biomass solubilization and methane output when higher specific power or
longer exposition times are used.

The green microalgae help to produce methane when exposed to metal oxide nanoparticles. A research study has reported, 500 mL,
37 °C, 150 rpm mixing rate, and 170 h of hydraulic retention time are the ideal operation settings for anaerobic digestion at a con-
centration of 10 %l of Fe304 NPs. According to the findings, NPs have a moderately good impact on biogas production up to 60 h of

residence time but thereafter dramatically improves. Fe3O4 NPs were able to produce a total biogas output of up to 624 mL, and their
overall biogas production increase was 28% [71]. Results indicated that this pretreatment combination generated more biopolymer
compounds, which led to more biogas than other pretreatment combinations while also dramatically reducing the lag period. Less than
37 °C, the highest biogas output was determined to be 362 mL, and the mixing speed was around 150 rpm. Pretreatment with a
microwave for 210 s at 800 Watt and 10 ng dosages of Fe3O4 [72]. The highest yield of 81.8 % VS for Fucus vesiculosus was obtained

by mechanical pretreatment and salt washing combination. Under the same conditions, Ulva intestinalis produced 92.100 LKLé”‘ VS.
Without the usage of any other factors, Cerathophyllum demersum produced the most CH4 at a rate of 405.3 Kig VS. Each alga responds
differently to washing and mechanical pre-treatment. While washing generally improves conditions +25 LKL&?‘ VS, mechanical pre-
treatment only has beneficial results for marine algae +35 LKLE‘ VS. Compared to freshwater algae, the proportionate effect is greater

for marine algae because their cell walls are stronger and harder for bacteria to break down, requiring less mechanical pre-treatment
[75].

The pretreatments are done on Luminaria spp. show that mechanical pretreatment yields more biogas from the microalgae than
microwave pretreatment (Table 1). In fact, a study of the pre-treatments of Laminaria spp. using milling, microwave, and beating
found that beating was the pre-treatment that produced the greatest net energy gain and was superior to drying before ball milling
[801]. Another microalgae species used in multiple studies is Enteromorpha microalgae that went under the microwave pretreatment
method combined with nanoparticles such as iron oxide and magnesium oxide and results showed enhanced biogas yields than normal
microwave pretreatment method.

5. Factors affecting biogas production from algae

Production of biogas can be influenced by factors such as the C/N ratio, particle size, time, temperature, algae species, and seasonal
changes, while the amount and quality of the finished product are influenced by the temperature of the reaction, heating rate, and
supply of oxygen during anaerobic digestion [81].

5.1. Carbon-to-Nitrogen ratio and particle size

Carbon to nitrogen ratio is a sign of nutritional imbalance: A poor ratio of C/N suggests that the feedstock contains a lot of nitrogen,
resulting in the release of ammonia during protein hydrolysis, whereas a high C/N ratio may lead to VFA buildup. Because algal
biomass has a poor ratio of C/N, it may impede methane output because it is unsuitable for anaerobic digestion. However, Co-digestion
of algae with carbon-rich wastes is used to alleviate this problem successfully to create a high C/N ratio and increase methane output
by lowering ammonia levels below inhibitory [82]. Since acidogenic bacteria consume nitrogen more quickly than methanogenic
bacteria, a high C/N ratio prevents biogas generation from reaching its maximum potential. For increased biogas conversion, bacteria
need a carbon-to-nitrogen ratio between 20 and 30, as they eat carbon at a rate 30 times faster than they do nitrogen [83]. The
fundamental impact of lowering the particle size of the substrate is that anaerobic microbes have easier access to organic materials.
Moreover, the lignocellulosic material’s smaller particle size lessens the chances of the creation of a floating layer, which reduces the
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Table 1

Comparison of yields from different pretreatment methods of algae biomass and their operating conditions.
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No.

Species

Parameter and conditions

Yield

Ref.

1

10

11

12

13

14

15

16

17

18

19

20

21

22

Ulvalactuca macroalgae

O-E Chlorella
minutissima microalgae
Laminaria sp.

Ascophyllum nodosum

Enteromorpha

Taihu de-oiled algae

P. candliculata

Laminaria sp.

Mexican Caribbean macroalgae

Enteromorpha

Chlorella sp.

Enteromorpha

Enteromorpha

Ulva lactuca

Scenedesmussp.

Saccorhiza polyschides

Fucus vesiculosus

Ulva intestinalis

Red Algae Pterocladia capillacea

Cerathophyllum demersum

Sargassum fulvellum

Chlorellapyrenoidosa

Temp:55 °C

Time:30 days

Particle size:200 pm
Alga-inoculum ratio:1:4 (g:g)
Temp:55 °C

Time:30 day

Temp: 38 =1 °C

Time:15 min

VS:2.5% Mechanical Pretreatment
Temp: 38 =1 °C.

Time:15 min

VS:1% Mechanical Pretreatment
Power:656.92 W

Time:5.10 min Liquid-solid ratio: 33.63:1
Microwave pretreatment
Temp:70 °C

Time:3 h

Sodium hydroxide concentration: 6%
Thermo-chemical pretreatment
F/I value: 0.3

Time: 50 min

Mechanical pretreatment
Temp:38 =1 °C

Time: 25 days

Microwave pretreatment
Biological pretreatment

Power of 600 W

Slurry liquid: solid ratio: 20:1 Time: 6mins
Microwave co-treatment

Temp: 37 °C

Time: 60 h

Biological pretreatment

Temp: 37C

Time: 170 h, Fe304:10 mg/L
Chemical pretreatment

Temp: 37 °C, Mixing speed: 150 rpm
Time:3.5 min

Power: 800 W

Fe304:10 mg/L

Microwave pretreatment and nanoparticles pretreatment

Ozone dose: 249 mg O3 g VS
Time: 15 min
Ozonation Pretreatment
Temp:75 °C

Time:10 h

Thermal pretreatment
Temp: 37 °C

Time: 53 days

Stirring speed: 80 rpm
TS:2.5%

Temp: 37 °C

Time: 5 days

Mechanical pretreatment and washing of salt

Temp: 37 °C
Time: 5 days

Mechanical pretreatment and washing of salt

a-Fep03. 10 mg/L

Time: 40 days

Temp: 37 °C

Time: 5 days

No pretreatment

Particle size:

75-850 pm

Mechanical pretreatment

15 min, 121 °C, and 15 psi of pressure.
Hydrothermal pretreatment

342.59 C?ms Vs

341.43 C?ma Vs

615i7%lVS

402 + ZO%IVS

1
Biogas 244 % Vs

740 ml VS
4

ml CHa

283 VS

ml CHa

244 VS

ml CHa

104 VS

53.60 ml Ts
g

4156 % '

624 mL biogas

362 mL biogas

498.75 mL/g VS

33

9 ml CHa vs)
&

146i2m?lVS

L CHa
Kg

81.8 \S

92.1 \S

L CHa
K;
ml

219 — VS
4

L CHs
Kg

(405.3 VS

[11]

[11]

[66]

[66]

[671

[68]

[69]

[70]

[58]

[711

[59]

[72]

[74]

[75]

[75]

[75]

[76]

[771

ml CHa [78]

142.91 + 0.004

493.19 ElVS
8

\S

[79]
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reactor’s methane outflow [84]. The amount of energy required for lignocellulosic material size correlates with biomass type and
moisture content. Lignocellulosic materials’ size reduction during milling pretreatment increased the anaerobic digestion’s capacity to
buffer, which helps to reduce the acidity of AD. The substrate’s particle sizes have an immediate impact on digestion since they
immediately correlate with the amount of hydrolysing enzyme surface area that is accessible [85,86].

5.2. Retention time and temperature

In order to build and improve anaerobic digestion systems, retention time is a crucial factor. Retention time (RT) is referred to by
both hydraulic retention time (HRT) and solid retention time (SRT). Microalgae with thick cellular walls have improved Anaerobic
Digestion when retention time stimulation is applied. The influence of RT can be determined by analyzing pretreated microalgae AD
acquired at different periods. In general, increasing the RT increases methane yield thus enhancing biogas production of pretreatment
microalgae [74,87]. Thus, even if pretreatments are used, operating microalgae digesters at modest RTs appears more suitable, the
pretreatments simply damage the cell wall of the microalgae without entirely releasing all cell’s internal substances. Reactors running
at a longer RT require a balance between energy needs and gains during the pretreatment step as well as expansion in volume, surface
area, and expenditures [88]. Studies suggest that the optimal habitat for biodegradation ideally ranges between 50 and 60 °C [83].
Other pretreatment temperatures for increased production of methane from microalgal biomass are reported to be between 55 and
170 °C [13], including those that exist within the thermophilic and mesophilic zones. The enhanced heating leads to increased rates of
hydrolysis and significant biogas generation. Since microorganisms acclimate to a unique temperature and require new microbial
structures to re-adapt to a new temperature, low ranges of temperature change could have a major impact on methane output for a
specific operational temperature type.

High temperatures partially hydrolyze macromolecules like proteins, lipids, and carbohydrates as well as solubilize organic ma-
terials. They may also encourage the production of molecules that interfere with the metabolism of anaerobic microbes, particularly
ammonia. Temperature has a great impact on AD processing steps as temperature conditions for optimizing methanogenic bacteria
cultivation, particularly mesophilic methanogen species vary from those that improve hydrolysis or acidification stages [89].

5.3. Algae species and seasonal change

Various environments, including freshwater and sea water, deep oceans, rocky coasts, both closed and open ponds, photo-
bioreactors, sewage and wastewater, the desert, CO,-producing enterprises, etc., algal development such as that of the Chlorophyta,
Rhodophyta, and Phaeophyta families can be found [90]. The choice of microorganisms such as algae for the degradation of organic
waste affects the stability of the process as well as the conversion rates. Genera Ulva (Chlorophyta), Laminaria, Fucus, and Saccharina are
among the most extensively studied seaweeds for the generation of biogas. There are still a number of issues that prevent these species
from producing biogas, including the seasonal effect on biomass produced, the presence of chemical inhibitors, and the high cost of
harvesting. Researchers have used several strategies such as pretreatments, AcoD, and additive supplements, to counteract the
inhibitory factors and improve the effectiveness of AD [91].

The algal biomass’s suitability for usage as a feedstock for biofuel is determined based on its chemical characterization. For
instance, green microalga Chlamydomonas reinhardtii has the amazing capacity to hydrolyze water into hydrogen when illuminated,
while brown macroalgae has minimal lignin and rich carbohydrate content, is an untapped resource and a promising replacement to
standard fossil fuels [61,92]. Recent studies have also highlighted the unique qualities of microalgal biomass extracted utilizing several
microwave technologies, including Botryococcus braunii and Chlorella vulgaris. The results of lipid extraction with microwave pre-
treatment were superior for the former species than for the later species, demonstrating unequivocally that each species favors a
certain pretreatment technique [93]. Seasonal changes can greatly alter the chemical makeup of seaweeds, which therefore changes
the amount of inhibitory chemicals present. Pretreatment was one method used to lessen the negative effects of inhibitors while
increasing the output of biogas. There are still a number of issues with these species’ capacity to make biogas, including the effect of
seasonal change on biomass output, the existence of inhibitory compounds, and the high cost of harvesting [53,94,95].

6. Future perspective

The identification of an environmentally friendly source of transportation fuels is one of the largest challenges in recent years. Due
to the production of biofuels using feedstock obtained from the exploitation of arable land, difficulties such as rising food prices and
shortages may arise. Algae are a neutral alternative to traditional agricultural raw materials that can be found close to water basins and
used as a raw material to create biogas. As algal growth is the seasonal, sustainable method to produce energy from algal biomass
requires artificial open tanks or photobioreactors [96]. The possibility of microalgae production to reduce GHG emissions while
simultaneously providing value-added bioproducts like biogas has increased its industry’s appeal in recent years. It is necessary to
conduct more research on the method of turning digestates into a solid or semi-solid form, that has less volume than liquid digestate
and can be utilized in a variety of downstream applications, including bio-fertilizers. However, integrating clean technologies like
anaerobic digestion and microalgae production is necessary to concentrate and recover nutrients from fertilizers, reuse all components
of manure, and extract additional value [97,98]. Additionally, this process captures CO5 while creating biomass, that can then be
transformed into biofuels or products with added value, helping to reduce global warming. Microalgae use 1800 g CO; in order to
create 1 kg of biomass thereby sequestering carbon dioxide and microalgae technology is regarded as an important tool in upgrading
systems in biogas production. Therefore, it renders it a resource that has promise for both addressing environmental and energy-related
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Fig. 4. Europe’s biogas facilities development (2009-2020) [101].

problems. Microalgae also have a number of notable advantages over other energy crops, including better photosynthetic efficiency, a
lower water use demand, and the absence of an arable land requirement [10,99,100].

The reported biogas and biomethane production can nearly double by 2030 and more than quadruple by 2050. The EBA Statistical
Report 2020 demonstrates tremendous growth of biomethane and promises to decarbonize the gas industry. This shows that biogas
and biomethane can have a considerable impact on the de-carbonization of the fuel industry by enabling the use of renewable gases for
heating, industry, and transportation [101]. Based on EBA research, Fig. 4 shows the growth in the number of biogas facilities in
Europe between 2009 and 2020 [102]. The need to discover suitable biomass that can support the large-scale production of biogas is
brought on by the expectation that this expansion will continuously grow over the next years [101,102].

Research and development are ongoing for the commercialization of lab-scale microalgae growth for the production of biogas. Due
to limitations such as variation selection for higher biomass output, selection of the microalgae growth system, quality, and quantity of
bio-based recycled and recovered from algae, operational variables, and other external factors. On the other hand, there are challenges
that deter the use of biofuels derived from algae species and make it only partially commercialized such as the high cost of production
and the restrictions on growing, harvesting, and processing. Biogas is abundantly found in large quantities in places like landfills,
sewage treatment plants, and animal and agricultural waste. As a result, efforts are already being made to diversify cheap energy crops,
such as algae and other plant species that can be grown on marginal land to contribute to the production of biogas [96,103].

7. Conclusions

This review article has highlighted the best operating conditions for high biogas yield from algae and the optimal operating
conditions. Traditional fuel consumption and production emit large amounts of CO, and other greenhouse gases resulting in global
warming. Algae has a greater energy potential than biomass or solid waste from municipalities and the potential to be a commercially
viable aquatic energy crop. The highest algal biogas yield reported was from de-oiled algae applying thermos-chemical pretreatment
under fixed conditions of temperature, time, and catalyst concentration. The high yield of algal-based biogas obtained from Laminaria
sp. with mechanical pretreatment has shown significant promise. Based on the data reviewed, it has been found that mechanical
pretreatment of the microalgae produces more biogas than microwave pretreatment. A comparison of Laminaria spp. pre-treatments
employing beating, milling, and microwave technology revealed that beating produced the greatest net energy gain and was superior
to drying before ball milling. According to studies, pretreatment of Enteromorpha using a microwave technique in combination with
nanoparticles like iron oxide and magnesium oxide increased biogas production over conventional microwave pretreatment. Both time
and temperature, influence biomass solubilization with temperature having a stronger influence on thermal pretreatment. It is
important to take into consideration that there are factors affecting biogas production such as C/N ratio and particle size, temperature
and time, and species and seasonal change. Related studies have revealed that pretreatment temperatures should decrease between 55
and 170 °C to boost the production of methane from microalgal biomass. Some studies suggested that the ideal habitat for biodeg-
radation is at warmer temperatures, it ideally ranges between 50 and 60 °C, while the ratio of C/N must be kept between 20 and 30 for
improved biogas conversion. Biogas and biomethane have the potential to contribute to the decarbonization of the gas industry by
permitting the use of renewable gases for heating, industry, and transportation. As a result, the output of algae-based biogas is likely to
increase greatly in the next years. Future research should focus on technical advancement and efficient algal strain screening, as well as
their application, which are vital for productive research and development.

Funding statement
This work was supported by authors.
Author contribution statement

All authors listed have significantly contributed to the development and the writing of this article.



R.S. Abusweireh et al. Heliyon 9 (2023) e17757

Data availability statement

Data will be made available on request.

Additional information

No additional information is available for this paper.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

References

(11
[2]
[3]
[4]
[5]

[6]

[71

[81

[91
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]

[27]
[28]

[29]

[30]

C.M. Catone, M. Ripa, E. Geremia, S. Ulgiati, Bio-products from algae-based biorefinery on wastewater: a review, J. Environ. Manag. 293 (2021 Sep 1),
112792, https://doi.org/10.1016/j.jenvman.2021.112792.

A. Alaswad, M. Dassisti, T. Prescott, A.G. Olabi, Technologies and developments of third generation biofuel production, Renew. Sustain. Energy Rev. 51 (2015)
1446-1460, https://doi.org/10.1016/j.rser.2015.07.058.

N.S. Mat Aron, K.S. Khoo, K.W. Chew, P.L. Show, W.H. Chen, T.H. Nguyen, Sustainability of the four generations of biofuels-a review, Int. J. Energy Res. 44
(12) (2020 Oct 10) 9266-9282, https://doi.org/10.1002/er.5557.

H.A. Alalwan, A.H. Alminshid, H.A. Aljaafari, Promising evolution of biofuel generations. Subject review, Renewable Energy Focus 28 (2019 Mar 1) 127-139,
https://doi.org/10.1016/j.ref.2018.12.006.

D.F. Correa, H.L. Beyer, H.P. Possingham, S.R. Thomas-Hall, P.M. Schenk, Biodiversity impacts of bioenergy production: microalgae vs. first generation
biofuels, Renew. Sustain. Energy Rev. 74 (2017 Jul 1) 1131-1146, https://doi.org/10.1016/j.rser.2017.02.068.

S.Y. Foong, Y.H. Chan, A.C. Loy, B.S. How, A.M. Tamothran, A.J. Yip, R.K. Liew, W. Peng, A.K. Alstrup, S.S. Lam, C. Sonne, The nexus between biofuels and
pesticides in agroforestry: Pathways toward United Nations sustainable development goals, Environ. Res. 214 (2022 Nov 1), 113751, https://doi.org/
10.1016/j.envres.2022.113751.

C.Y. Oliveira, A. Jacob, C. Nader, C.D. Oliveira, A.P. Matos, E.S. Aradjo, N. Shabnam, B. Ashok, A.O. Galvez, An overview on microalgae as renewable
resources for meeting sustainable development goals, J. Environ. Manag. 320 (2022 Oct 15), 115897, https://doi.org/10.1016/j.jenvman.2022.115897.
M.T. Nazari, J. Mazutti, L.G. Basso, L.M. Colla, L. Brandli, Biofuels and their connections with the sustainable development goals: a bibliometric and systematic
review, Environ. Dev. Sustain. 23 (8) (2021 Aug) 11139-11156, https://doi.org/10.1007/510668-020-01110-4.

L. Zhu, Z. Li, E. Hiltunen, Theoretical assessment of biomethane production from algal residues after biodiesel production, Wiley Interdisciplinary Reviews:
Energy Environ. 7 (1) (2018 Jan) e273, https://doi.org/10.1002/wene.273.

M.I Khan, J.H. Shin, J.D. Kim, The promising future of microalgae: current status, challenges, and optimization of a sustainable and renewable industry for
biofuels, feed, and other products, Microb. Cell Factories 17 (1) (2018 Dec) 1-21, https://doi.org/10.1186/512934-018-0879-x.

A.T. Koger, D. Ozcimen, Investigation of the biogas production potential from algal wastes, Waste Manag. Res. 36 (11) (2018 Nov) 1100-1105, https://doi.
org/10.1177/0734242X18798447.

AR Ishaq, F Jabeen, M Manzoor, T Younis, A Noor, F Noor, Current status of microalgae to produce biogas through pretreatment of lignocellulosic waste in the
era of 21-century, Preprints.org. (2020) 2020080233. https://10.20944/preprints202008.0233.v1.

E. Kendir, A. Ugurlu, A comprehensive review on pretreatment of microalgae for biogas production, Int. J. Energy Res. 42 (12) (2018 Oct 10) 3711-3731,
https://doi.org/10.1002/er.4100.

E. Kwietniewska, J. Tys, Process characteristics, inhibition factors and methane yields of anaerobic digestion process, with particular focus on microalgal
biomass fermentation, Renew. Sustain. Ener. Rev. 34 (2014 Jun 1) 491-500, https://doi.org/10.1016/j.rser.2014.03.041.

L.M. Gonzalez-Gonzdlez, D.F. Correa, S. Ryan, P.D. Jensen, S. Pratt, P.M. Schenk, Integrated biodiesel and biogas production from microalgae: towards a
sustainable closed loop through nutrient recycling, Renew. Sustain. Energy Rev. 82 (2018 Feb 1) 1137-1148, https://doi.org/10.1016/j.rser.2017.09.091.
J.E. Roldan-San Antonio, M. Martin, Optimal integrated plant for biodegradable polymer production, ACS Sustain. Chem. Eng. 11 (6) (2023 Feb 2) 2172-2185,
https://doi.org/10.1021/acssuschemeng.2c05356.

S. Ahmad, V.V. Pathak, R. Kothari, R.P. Singh, Prospects for pretreatment methods of lignocellulosic waste biomass for biogas enhancement: opportunities and
challenges, Biofuels 9 (5) (2018 Sep 3) 575-594, https://doi.org/10.1080/17597269.2017.1378991.

D. Aitken, B. Antizar-Ladislao, Achieving a green solution: limitations and focus points for sustainable algal fuels, Energies 5 (5) (2012 May 21) 1613-1647,
https://doi.org/10.3390/en5051613.

P. Tsapekos, P.G. Kougias, I. Angelidaki, Mechanical pretreatment for increased biogas production from lignocellulosic biomass; predicting the methane yield
from structural plant components, Waste Manag. 78 (2018 Aug 1) 903-910, https://doi.org/10.1016/j.wasman.2018.07.017.

J. Allen, S. Unly, Y. Demirel, P. Black, W. Riekhof, Integration of biology, ecology and engineering for sustainable algal-based biofuel and bioproduct
biorefinery, Bioresour. Bioprocess. 5 (1) (2018 Dec) 1-28, https://doi.org/10.1186/540643-018-0233-5.

Topolewski £, Relationship between energy consumption and economic growth in European countries: Evidence from dynamic panel data analysis, Energies
14 (12) (2021 Jun 15) 3565, https://doi.org/10.3390/en14123565.

S. Sharma, Algae Energy: A Perspective on Algae as a Biogas source in Nordic Climate, 2017. https://urn.fi/URN:NBN:fi:amk-201702172498.

R. Yukesh Kannah, J. Merrylin, P. Sivashanmugam, M. Gunasekaran, G. Kumar, J. Rajesh Banu, Valorization Of Nutrient-Rich Urinal Wastewater By
Microalgae For Biofuel Production. Inapplication Of Microalgae In Wastewater Treatment, 2019, pp. 393-426, https://doi.org/10.1007/978-3-030-13909-4_
17. Springer, Cham.

H. Ma, Y. Guo, Y. Qin, Y.Y. Li, Nutrient recovery technologies integrated with energy recovery by waste biomass anaerobic digestion, Bioresour. Technol. 269
(2018 Dec 1) 520-531, https://doi.org/10.1016/j.biortech.2018.08.114.

W. Czekala, Biogas as a Sustainable and Renewable Energy Source. InClean Fuels for Mobility, 2022, pp. 201-214, https://doi.org/10.1007/978-981-16-8747-
1_10. Springer, Singapore.

K. Hagos, J. Zong, D. Li, C. Liu, X. Lu, Anaerobic co-digestion process for biogas production: progress, challenges and perspectives, Renew. Sustain. Ener. Rev.
76 (2017 Sep 1) 1485-1496, https://doi.org/10.1016/j.rser.2016.11.184.

J.R. Banu, R.Y. Kannah, Introductory Chapter: an overview of biogas, Anaerobic Dig. (2018 Nov 28).

K. Zieminski, M. Frac, Methane fermentation process as anaerobic digestion of biomass: Transformations, stages and microorganisms, Afr. J. Biotechnol. 11
(18) (2012) 4127-4139, https://doi.org/10.5897/AJBX11.054.

N. Roberts, M. Hilliard, Q.P. He, J. Wang, A microalgae-methanotroph coculture is a promising platform for fuels and chemical production from wastewater,
Front. Energy Res. 8 (2020 Sep 8), 563352, https://doi.org/10.3389/fenrg.2020.563352.

B. Zhang, W. Li, Y. Guo, Z. Zhang, W. Shi, F. Cui, P.N. Lens, J.H. Tay, Microalgal-bacterial consortia: from interspecies interactions to biotechnological
applications, Renew. Sustain. Energy Rev. 118 (2020 Feb 1), 109563, https://doi.org/10.1016/].rser.2019.109563.

10


https://doi.org/10.1016/j.jenvman.2021.112792
https://doi.org/10.1016/j.rser.2015.07.058
https://doi.org/10.1002/er.5557
https://doi.org/10.1016/j.ref.2018.12.006
https://doi.org/10.1016/j.rser.2017.02.068
https://doi.org/10.1016/j.envres.2022.113751
https://doi.org/10.1016/j.envres.2022.113751
https://doi.org/10.1016/j.jenvman.2022.115897
https://doi.org/10.1007/s10668-020-01110-4
https://doi.org/10.1002/wene.273
https://doi.org/10.1186/s12934-018-0879-x
https://doi.org/10.1177/0734242X18798447
https://doi.org/10.1177/0734242X18798447
https://10.20944/preprints202008.0233.v1
https://doi.org/10.1002/er.4100
https://doi.org/10.1016/j.rser.2014.03.041
https://doi.org/10.1016/j.rser.2017.09.091
https://doi.org/10.1021/acssuschemeng.2c05356
https://doi.org/10.1080/17597269.2017.1378991
https://doi.org/10.3390/en5051613
https://doi.org/10.1016/j.wasman.2018.07.017
https://doi.org/10.1186/s40643-018-0233-5
https://doi.org/10.3390/en14123565
https://urn.fi/URN:NBN:fi:amk-201702172498
https://doi.org/10.1007/978-3-030-13909-4_17
https://doi.org/10.1007/978-3-030-13909-4_17
https://doi.org/10.1016/j.biortech.2018.08.114
https://doi.org/10.1007/978-981-16-8747-1_10
https://doi.org/10.1007/978-981-16-8747-1_10
https://doi.org/10.1016/j.rser.2016.11.184
http://refhub.elsevier.com/S2405-8440(23)04965-4/sref27
https://doi.org/10.5897/AJBX11.054
https://doi.org/10.3389/fenrg.2020.563352
https://doi.org/10.1016/j.rser.2019.109563

R.S. Abusweireh et al. Heliyon 9 (2023) e17757

[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]

[42]

[43]
[44]

[45]
[46]

[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]

[58]

[591]
[60]
[61]
[62]
[63]
[64]

[65]

[66]
[67]

[68]

R. Feng, A.A. Zaidi, K. Zhang, Y. Shi, Optimisation of microwave pretreatment for biogas enhancement through anaerobic digestion of microalgal biomass,
Period. Polytechnica Chem. Eng. 63 (1) (2019) 65-72, https://doi.org/10.3311/PPch.12334.

S. Sarker, A.S. Nordgérd, J.J. Lamb, K.M. Lien, Biogas and hydrogen, InHydrogen, Biomass Bioenergy (2020 Jan 1) 73-87, https://doi.org/10.1016/B978-0-
08-102629-8.00005-0. Academic Press.

J. Kaur, Y. Kn, Exploring the potential of carbohydrate rich algal biomass as feedstock for bioethanol production, Liquid Biofuel Prod. (2019 May 20) 167-195,
https://doi.org/10.1002/9781119459866.

M. Debowski, J. Kazimierowicz, M. Zielinski, I. Bartkowska, Co-fermentation of microalgal biomass and Miscanthusx giganteus Silage—assessment of the
substrate, biogas production and digestate characteristics, Appl. Sci. 12 (14) (2022 Jan) 7291, https://doi.org/10.3390/app12147291.

J. Yang, Y.C. Ching, C.H. Chuah, Applications of lignocellulosic fibers and lignin in bioplastics: a review, Polymers 11 (5) (2019 Apr 28) 751, https://doi.org/
10.3390/polym11050751.

K.S. Khoo, K.W. Chew, G.Y. Yew, W.H. Leong, Y.H. Chai, P.L. Show, W.H. Chen, Recent advances in downstream processing of microalgae lipid recovery for
biofuel production, Bioresour. Technol. 304 (2020 May 1), 122996, https://doi.org/10.1016/j.biortech.2020.122996.

A.A. Zaidi, R. Feng, A. Malik, S.Z. Khan, Y. Shi, A.J. Bhutta, A.H. Shah, Combining microwave pretreatment with iron oxide nanoparticles enhanced biogas and
hydrogen yield from green algae, Processes 7 (1) (2019 Jan 7) 24, https://doi.org/10.3390/pr7010024.

E. Jankowska, A.K. Sahu, P. Oleskowicz-Popiel, Biogas from microalgae: review on microalgae’s cultivation, harvesting and pretreatment for anaerobic
digestion, Renew. Sustain. Energy Rev. 75 (2017 Aug 1) 692-709, https://doi.org/10.1016/j.rser.2016.11.045.

K.O. Olatunji, N.A. Ahmed, O. Ogunkunle, Optimization of biogas yield from lignocellulosic materials with different pretreatment methods: a review,
Biotechnol. Biofuels 14 (1) (2021 Dec) 1-34, https://doi.org/10.1186/s13068-021-02012-x.

B. Rincén, Biogas from microalgae, in: InHandbook of microalgae-based processes and products, 2020 Jan 1, pp. 311-328, https://doi.org/10.1016/B978-0-
12-818536-0.00012-9. Academic Press.

Y. Cai, Z. Zheng, F. Schéfer, W. Stinner, X. Yuan, H. Wang, Z. Cui, X. Wang, A review about pretreatment of lignocellulosic biomass in anaerobic digestion:
Achievement and challenge in Germany and China, J. Clean. Prod. 299 (2021 May 25), 126885, https://doi.org/10.1016/j.jclepro.2021.126885.

U. Uthirakrishnan, V.G. Sharmila, J. Merrylin, S.A. Kumar, J.S. Dharmadhas, S. Varjani, J.R. Banu, Current advances and future outlook on pretreatment
techniques to enhance biosolids disintegration and anaerobic digestion: a critical review, Chemosphere 288 (2022 Feb 1), 132553, https://doi.org/10.1016/j.
chemosphere.2021.132553.

V.K. Vaithyanathan, H. Cabana, V.K. Vaidyanathan, Remediation of trace organic contaminants from biosolids: influence of various pre-treatment strategies
prior to Bacillus subtilis aerobic digestion, Chem. Eng. J. 419 (2021 Sep 1), 129966, https://doi.org/10.1016/j.cej.2021.129966.

R. Sankaran, R.A. Cruz, H. Pakalapati, P.L. Show, T.C. Ling, W.H. Chen, Y. Tao, Recent advances in the pretreatment of microalgal and lignocellulosic biomass:
a comprehensive review, Bioresour. Technol. 298 (2020 Feb 1), 122476, https://doi.org/10.1016/j.biortech.2019.122476.

M. Zwamborn, The Seaweed Collector’s Handbook: from Purple Laver to Peacock’s Tail, Profile Books, 2020 Jul 2.

S. Tsubaki, K. Oono, A. Onda, T. Kadono, M. Adachi, T. Mitani, Microwave-assisted solubilization of microalgae in high-temperature ethylene glycol, Biomass
Bioenergy 130 (2019 Nov 1), 105360, https://doi.org/10.1016/j.biombioe.2019.105360.

R. Paul, A. Silkina, L. Melville, S. Suhartini, M. Sulu, Optimisation of ultrasound pretreatment of microalgal biomass for effective biogas production through
anaerobic digestion process, Energies 16 (1) (2023 Jan) 553, https://doi.org/10.3390/en16010553.

0.J. Quintero-Garcia, H. Pérez-Soler, M.A. Amezcua-Allieri, Enzymatic treatments for biosolids: an outlook and recent Trends, Int. J. Environ. Res. Publ.
Health 20 (6) (2023 Mar 9) 4804, https://doi.org/10.3390/ijerph20064804.

J.A. Magdalena, M. Ballesteros, C. Gonzélez-Fernandez, Efficient anaerobic digestion of microalgal biomass: proteins as a key macromolecule, Molecules 23 (5)
(2018 May 6) 1098, https://doi.org/10.3390/molecules23051098.

M. Tisma, M. Buci¢-Koji¢, M. Planini¢, Bio-based products from lignocellulosic waste biomass: a state of the art, Chem. Biochem. Eng. Q. 35 (2) (2021 Jul 31)
139-156, https://doi.org/10.15255/CABEQ.2021.1931.

M.U. Khan, M. Usman, M.A. Ashraf, N. Dutta, G. Luo, S. Zhang, A review of recent advancements in pretreatment techniques of lignocellulosic materials for
biogas production: opportunities and Limitations, Chem. Eng. J. Adv. (2022 Feb 9), 100263, https://doi.org/10.1016/j.ceja.2022.100263.

R. Kamusoko, R.M. Jingura, Z. Chikwambi, W. Parawira, Biogas: microbiological research to enhance efficiency and regulation, in: InHandbook of Biofuels,
Academic Press, 2022 Jan 1, pp. 485-497, https://doi.org/10.3390/en16020949.

A. Jabtonska-Trypu¢, E. Wolejko, M.D. Ernazarovna, A. Glowacka, G. Sokotowska, U. Wydro, Using algae for biofuel production: a review, Energies 16 (4)
(2023 Feb 10) 1758, https://doi.org/10.3390/en16041758.

0. Cordova, J. Santis, G. Ruiz-Fillipi, M.E. Zuniga, F.G. Fermoso, R. Chamy, Microalgae digestive pretreatment for increasing biogas production, Renew.
Sustain. Energy Rev. 82 (2018 Feb 1) 2806-2813, https://doi.org/10.1016/j.rser.2017.10.005.

B. Lee, J.G. Park, W.B. Shin, B.S. Kim, B.S. Byun, H.B. Jun, Maximizing biogas production by pretreatment and by optimizing the mixture ratio of co-digestion
with organic wastes, Environ. Eng. Res. 24 (4) (2019) 662-669, https://doi.org/10.4491/eer.2018.375.

R.S. Abusweireh, N. Rajamohan, Y. Vasseghian, Enhanced production of biodiesel using nanomaterials: a detailed review on the mechanism and influencing
factors, Fuel 319 (2022 Jul 1), 123862, https://doi.org/10.1016/j.fuel.2022.123862.

F. Antonio, F. Antunes, S. Gaikwad, A.P. Ingle, Nanotechnology for Bioenergy and Biofuel Production. Green Chem. Sustain: Technol, Springer International
Publishing, 2017, p. 3el8, https://doi.org/10.1007/978-3-319-45459-7.

A.A. Zaidi, F. RuiZhe, A. Malik, S.Z. Khan, A.J. Bhutta, Y. Shi, K. Mushtaq, Conjoint effect of microwave irradiation and metal nanoparticles on biogas
augmentation from anaerobic digestion of green algae, Int. J. Hydrogen Energy 44 (29) (2019 Jun 7) 14661-14670, https://doi.org/10.1016/j.
ijhydene.2019.02.245.

A.A. Zaidi, F. RuiZhe, Y. Shi, S.Z. Khan, K. Mushtaq, Nanoparticles augmentation on biogas yield from microalgal biomass anaerobic digestion, Int. J.
Hydrogen Energy 43 (31) (2018 Aug 2) 14202-14213, https://doi.org/10.1016/j.ijhydene.2018.05.132.

M. Veerabadhran, D. Gnanasekaran, J. Wei, F. Yang, Anaerobic digestion of microalgal biomass for bioenergy production, removal of nutrients and
microcystin: current status, J. Appl. Microbiol. 131 (4) (2021 Oct) 1639-1651, https://doi.org/10.1111/jam.15000.

T.M. Thompson, B.R. Young, S. Baroutian, Advances in the pretreatment of brown macroalgae for biogas production, Fuel Process. Technol. 195 (2019 Dec 1),
106151, https://doi.org/10.1016/j.fuproc.2019.106151.

D. Wang, F. Shen, G. Yang, Y. Zhang, S. Deng, J. Zhang, Y. Zeng, T. Luo, Z. Mei, Can hydrothermal pretreatment improve anaerobic digestion for biogas from
lignocellulosic biomass? Bioresour. Technol. 249 (2018 Feb 1) 117-124, https://doi.org/10.1016/j.biortech.2017.09.197.

Y.F. Huang, S.L. Lo, Predicting heating value of lignocellulosic biomass based on elemental analysis, Energy 191 (2020 Jan 15), 116501, https://doi.org/
10.1016/j.energy.2019.116501.

R. Reshma, M. Arumugam, Selective degradation of the recalcitrant cell wall of Scenedesmus quadricauda CASA CC202, Planta 246 (4) (2017 Oct) 779-790,
https://doi.org/10.1007/s00425-017-2732-6.

M.C. de Oliveira, 1.D. Bassin, M.C. Cammarota, Microalgae and cyanobacteria biomass pretreatment methods: a comparative analysis of chemical and
thermochemical pretreatment methods aimed at methane production, Fermentation 8 (10) (2022 Sep 29) 497, https://doi.org/10.3390/
fermentation8100497.

M.E. Montingelli, K.Y. Benyounis, B. Quilty, J. Stokes, A.G. Olabi, Influence of mechanical pretreatment and organic concentration of Irish brown seaweed for
methane production, Energy 118 (2017 Jan 1) 1079-1089, https://doi.org/10.1016/j.energy.2016.10.132.

C.N. Kowthaman, V.A. Selvan, P.S. Kumar, Optimization strategies of alkaline thermo-chemical pretreatment for the enhancement of biogas production from
de-oiled algae, Fuel 303 (2021 Nov 1), 121242, https://doi.org/10.1016/].fuel.2021.121242.

C. Rodriguez, A. Alaswad, Z. El-Hassan, A.G. Olabi, Improvement of methane production from P. canaliculata through mechanical pretreatment, Renew.
Energy 119 (2018 Apr 1) 73-78, https://doi.org/10.1016/j.renene.2017.12.025.

11


https://doi.org/10.3311/PPch.12334
https://doi.org/10.1016/B978-0-08-102629-8.00005-0
https://doi.org/10.1016/B978-0-08-102629-8.00005-0
https://doi.org/10.1002/9781119459866
https://doi.org/10.3390/app12147291
https://doi.org/10.3390/polym11050751
https://doi.org/10.3390/polym11050751
https://doi.org/10.1016/j.biortech.2020.122996
https://doi.org/10.3390/pr7010024
https://doi.org/10.1016/j.rser.2016.11.045
https://doi.org/10.1186/s13068-021-02012-x
https://doi.org/10.1016/B978-0-12-818536-0.00012-9
https://doi.org/10.1016/B978-0-12-818536-0.00012-9
https://doi.org/10.1016/j.jclepro.2021.126885
https://doi.org/10.1016/j.chemosphere.2021.132553
https://doi.org/10.1016/j.chemosphere.2021.132553
https://doi.org/10.1016/j.cej.2021.129966
https://doi.org/10.1016/j.biortech.2019.122476
http://refhub.elsevier.com/S2405-8440(23)04965-4/sref42
https://doi.org/10.1016/j.biombioe.2019.105360
https://doi.org/10.3390/en16010553
https://doi.org/10.3390/ijerph20064804
https://doi.org/10.3390/molecules23051098
https://doi.org/10.15255/CABEQ.2021.1931
https://doi.org/10.1016/j.ceja.2022.100263
https://doi.org/10.3390/en16020949
https://doi.org/10.3390/en16041758
https://doi.org/10.1016/j.rser.2017.10.005
https://doi.org/10.4491/eer.2018.375
https://doi.org/10.1016/j.fuel.2022.123862
https://doi.org/10.1007/978-3-319-45459-7
https://doi.org/10.1016/j.ijhydene.2019.02.245
https://doi.org/10.1016/j.ijhydene.2019.02.245
https://doi.org/10.1016/j.ijhydene.2018.05.132
https://doi.org/10.1111/jam.15000
https://doi.org/10.1016/j.fuproc.2019.106151
https://doi.org/10.1016/j.biortech.2017.09.197
https://doi.org/10.1016/j.energy.2019.116501
https://doi.org/10.1016/j.energy.2019.116501
https://doi.org/10.1007/s00425-017-2732-6
https://doi.org/10.3390/fermentation8100497
https://doi.org/10.3390/fermentation8100497
https://doi.org/10.1016/j.energy.2016.10.132
https://doi.org/10.1016/j.fuel.2021.121242
https://doi.org/10.1016/j.renene.2017.12.025

R.S. Abusweireh et al. Heliyon 9 (2023) e17757

[69]

[70]

[71]
[72]
[73]
[74]
[75]

[76]

[77]

[78]

[79]
[80]
[81]
[82]
[83]
[84]
[85]
[86]
[87]
[88]
[89]
[90]
[91]
[92]

[93]

[94]
[95]
[96]
[97]
[98]
[99]

[100]
[101]

[102]

[103]

M.E. Montingelli, K.Y. Benyounis, J. Stokes, A.G. Olabi, Pretreatment of macroalgal biomass for biogas production, Energy Convers. Manag. 108 (2016 Jan 15)
202-209, https://doi.org/10.1016/j.enconman.2015.11.008.

R. Tapia-Tussell, J. Avila-Arias, J. Dominguez Maldonado, D. Valero, E. Olguin-Maciel, D. Pérez-Brito, L. Alzate-Gaviria, Biological pretreatment of mexican
caribbean macroalgae consortiums using Bm-2 strain (Trametes hirsuta) and its enzymatic broth to improve biomethane potential, Energies 11 (3) (2018 Feb
27) 494, https://doi.org/10.3390/en11030494.

S. He, X. Fan, N.R. Katukuri, X. Yuan, F. Wang, R.B. Guo, Enhanced methane production from microalgal biomass by anaerobic bio-pretreatment, Bioresour.
Technol. 204 (2016 Mar 1) 145-151, https://doi.org/10.1016/j.biortech.2015.12.073.

A.A. Zaidi, S.Z. Khan, H. Almohamadi, E.R. Mahmoud, M.N. Naseer, Nanoparticles synergistic effect with various substrate pretreatment and their comparison
on biogas production from algae waste, Bull. Chem. React. Eng. Catal. 16 (2) (2021 Jun 30) 374-382, https://doi.org/10.9767/berec.16.2.10637.374-382.
M.A. Hassaan, A. El Nemr, M.R. Elkatory, A. Eleryan, S. Ragab, A. El Sikaily, A. Pantaleo, Enhancement of biogas production from macroalgae ulva latuca via
ozonation pretreatment, Energies 14 (6) (2021 Mar 18) 1703, https://doi.org/10.3390/en14061703.

M. Solé-Bundé, H. Salvadd, F. Passos, M. Garfi, 1. Ferrer, Strategies to optimize microalgae conversion to biogas: Co-digestion, pretreatment and hydraulic
retention time, Molecules 23 (9) (2018 Aug 21) 2096, https://doi.org/10.3390/molecules23092096.

S. Pardilhd, R. Boaventura, M. Almeida, J.M. Dias, Marine macroalgae waste: a potential feedstock for biogas production, J. Environ. Manag. 304 (2022 Feb
15), 114309, https://doi.org/10.1016/j.jenvman.2021.114309.

M.A. Hassaan, A. El Nemr, M.R. Elkatory, S. Ragab, M.A. El-Nemr, A. Pantaleo, Synthesis, characterization, and synergistic effects of modified biochar in
combination with a-Fe203 NPs on biogas production from red algae pterocladia capillacea, Sustainability 13 (16) (2021 Aug 18) 9275, https://doi.org/
10.3390/s5u13169275.

L. Pastare, F. Romagnoli, D. Blumberga, Comparison of biomethane potential lab tests for Latvian locally available algae, Energy Proc. 147 (2018 Aug 1)
277-281, https://doi.org/10.1016/j.egypro.2018.07.092.

A.P. Yuhendra, M. Farghali, .M. Mohamed, M. Iwasaki, S. Tangtaweewipat, I. Ihara, R. Sakai, K. Umetsu, Potential of biogas production from the anaerobic
digestion of Sargassum fulvellum macroalgae: influences of mechanical, chemical, and biological pretreatments, Biochem. Eng. J. 175 (2021 Nov 1), 108140,
https://doi.org/10.1016/j.bej.2021.108140.

P. Kumari, A.K. Varma, R. Shankar, L.S. Thakur, P. Mondal, Phycoremediation of wastewater by Chlorella pyrenoidosa and utilization of its biomass for biogas
production, J. Environ. Chem. Eng. 9 (1) (2021 Feb 1), 104974, https://doi.org/10.1016/j.jece.2020.104974.

S. Maneein, J.J. Milledge, B.V. Nielsen, P.J. Harvey, A review of seaweed pre-treatment methods for enhanced biofuel production by anaerobic digestion or
fermentation, Fermentation 4 (4) (2018 Nov 29) 100, https://doi.org/10.3390/fermentation4040100.

M.A. Castellanos-Estupinana, E.M. Sanchez-Galvisa, J.B. Garcia-Martinezb, C. Barajas-Ferreirab, A. Zuorroc, A.F. Barajas-Solano, Design of an electroflotation
system for the concentration and harvesting of freshwater microalgae, Chem. Eng. 64 (2018), https://doi.org/10.3303/CET1864001.

L. Feng, Y.M. Perschke, D. Fontaine, A.J. Ward, J. Eriksen, P. Sgrensen, H.B. Mgller, Co-ensiling of cover crops and barley straw for biogas production, Renew.
Energy 142 (2019 Nov 1) 677-683, https://doi.org/10.1016/j.renene.2019.04.138.

R. Muthudineshkumar, R. Anand, Anaerobic digestion of various feedstocks for second-generation biofuel production, in: InAdvances in eco-Fuels for a
sustainable environment, 2019 Jan 1, pp. 157-185, https://doi.org/10.1016/B978-0-08-102728-8.00006-1. Woodhead Publishing.

A. El Nemr, M.A. Hassaan, M.R. Elkatory, S. Ragab, A. Pantaleo, Efficiency of Fe304 nanoparticles with different pretreatments for enhancing biogas yield of
macroalgae ulva intestinalis Linnaeus, Molecules 26 (16) (2021 Aug 23) 5105, https://doi.org/10.3390/molecules26165105.

K.O. Olatunji, D.M. Madyira, N.A. Ahmed, O. Ogunkunle, Effect of combined particle size reduction and Fe304 additives on biogas and methane yields of
Arachis hypogea Shells at mesophilic temperature, Energies 15 (11) (2022 May 28) 3983, https://doi.org/10.3390/en15113983.

R. Kigozi, A. Aboyade, E. Muzenda, Biogas production using the organic fraction of municipal solid waste as feedstock, World 5 (2013) 6, https://doi.org/
10.15242/1JRCMCE.E1113563.

H. Carrere, G. Antonopoulou, R. Affes, F. Passos, A. Battimelli, G. Lyberatos, 1. Ferrer, Review of feedstock pretreatment strategies for improved anaerobic
digestion: from lab-scale research to full-scale application, Bioresour. Technol. 199 (2016 Jan 1) 386-397, https://doi.org/10.1016/j.biortech.2015.09.007.
F. Passos, R. Gutiérrez, E. Uggetti, M. Garfi, J. Garcia, I. Ferrer, Towards energy neutral microalgae-based wastewater treatment plants, Algal Res. 28 (2017
Dec 1) 235-243, https://doi.org/10.1016/j.algal.2017.11.006.

E. Membere, P. Sallis, Effect of temperature on kinetics of biogas production from macroalgae, Bioresour. Technol. 263 (2018 Sep 1) 410-417, https://doi.org/
10.1016/j.biortech.2018.05.023.

R. Ramaraj, N. Dussadee, Biological purification processes for biogas using algae cultures: a review, Int. J. Sustain. Green Energy 4 (1) (2015) 20-32, https://
doi.org/10.11648/j.ijrse.s.2015040101.14.

N. Thakur, E.S. Salama, M. Sharma, P. Sharma, D. Sharma, X. Li, Efficient utilization and management of seaweed biomass for biogas production, Mater. Today
Sustain. 18 (2022 Jun 1), 100120, https://doi.org/10.1016/j.mtsust.2022.100120.

C.B. Farias, R.C. Barreiros, M.F. da Silva, A.A. Casazza, A. Converti, L.A. Sarubbo, Use of hydrogen as fuel: a Trend of the 21st Century, Energies 15 (1) (2022
Jan 3) 311, https://doi.org/10.3390/en15010311.

P. Kumar, A. Bhattacharya, S.K. Prajapati, A. Malik, V.K. Vijay, Anaerobic co-digestion of waste microalgal biomass with cattle dung in a pilot-scale reactor:
effect of seasonal variations and long-term stability assessment, Biomass Conversion and Biorefinery (2020 Jun 9) 1-3, https://doi.org/10.1007/513399-020-
00778-y.

M.E. Montingelli, S. Tedesco, A.G. Olabi, Biogas production from algal biomass: a review, Renew. Sustain. Energy Rev. 43 (2015 Mar 1) 961-972, https://doi.
0rg/10.1016/j.rser.2014.11.052.

F. Ometto, K.B. Steinhovden, H. Kuci, J. Lunnback, A. Berg, A. Karlsson, A. Handa, H. Wollan, J. Ejlertsson, Seasonal variation of elements composition and
biomethane in brown macroalgae, Biomass Bioenergy 109 (2018 Feb 1) 31-38, https://doi.org/10.1016/j.biombioe.2017.11.006.

J. de Siqueira Castro, M.L. Calijuri, J. Ferreira, P.P. Assemany, V.J. Ribeiro, Microalgae based biofertilizer: a life cycle approach, Sci. Total Environ. 724 (2020
Jul 1), 138138, https://doi.org/10.1016/j.scitotenv.2020.138138.

V. Bele, R. Rajagopal, B. Goyette, Closed loop bioeconomy opportunities through the integration of microalgae cultivation with anaerobic digestion: a critical
review, Bioresour. Techn. Reports (2023 Jan 18), 101336, https://doi.org/10.1016/].biteb.2023.101336.

F. Cucchiella, I. D’Adamo, M. Gastaldi, An economic analysis of biogas-biomethane chain from animal residues in Italy, J. Clean. Prod. 230 (2019 Sep 1)
888-897, https://doi.org/10.1016/j.jclepro.2019.05.116.

Y. Sy, K. Song, P. Zhang, Y. Su, J. Cheng, X. Chen, Progress of microalgae biofuel’s commercialization, Renew. Sustain. Energy Rev. 74 (2017 Jul 1) 402-411,
https://doi.org/10.1016/j.rser.2016.12.078.

European Biogas Association. EBA Statistical Report, Shows significant growth and potential of biomethane to decarbonise the gas sector, 2020.

L. Sanchez-Martin, M. Ortega Romero, B. Llamas, M.D. Suarez Rodriguez, P. Mora, Cost Model for biogas and biomethane production in anaerobic digestion
and upgrading, Case Study: Castile and Leon Mater. 16 (1) (2023 Jan) 359, https://doi.org/10.3390/mal6010359.

R.Y. Kannah, S. Kavitha, O.P. Karthikeyan, E.R. Rene, G. Kumar, J.R. Banu, A review on anaerobic digestion of energy and cost effective microalgae
pretreatment for biogas production, Bioresour. Technol. 332 (2021 Jul 1), 125055, https://doi.org/10.1016/j.biortech.2021.125055.

B. Bharathiraja, T. Sudharsan, J. Jayamuthunagai, R. Praveenkumar, S. Chozhavendhan, J. Iyyappan, Biogas production-A review on composition, fuel
properties, feed stock and principles of anaerobic digestion, Renew. Sustain. Energy Rev. 90 (April) (2018 Apr) 570-582, https://doi.org/10.1016/j.
rser.2018.03.093.

12


https://doi.org/10.1016/j.enconman.2015.11.008
https://doi.org/10.3390/en11030494
https://doi.org/10.1016/j.biortech.2015.12.073
https://doi.org/10.9767/bcrec.16.2.10637.374-382
https://doi.org/10.3390/en14061703
https://doi.org/10.3390/molecules23092096
https://doi.org/10.1016/j.jenvman.2021.114309
https://doi.org/10.3390/su13169275
https://doi.org/10.3390/su13169275
https://doi.org/10.1016/j.egypro.2018.07.092
https://doi.org/10.1016/j.bej.2021.108140
https://doi.org/10.1016/j.jece.2020.104974
https://doi.org/10.3390/fermentation4040100
https://doi.org/10.3303/CET1864001
https://doi.org/10.1016/j.renene.2019.04.138
https://doi.org/10.1016/B978-0-08-102728-8.00006-1
https://doi.org/10.3390/molecules26165105
https://doi.org/10.3390/en15113983
https://doi.org/10.15242/IJRCMCE.E1113563
https://doi.org/10.15242/IJRCMCE.E1113563
https://doi.org/10.1016/j.biortech.2015.09.007
https://doi.org/10.1016/j.algal.2017.11.006
https://doi.org/10.1016/j.biortech.2018.05.023
https://doi.org/10.1016/j.biortech.2018.05.023
https://doi.org/10.11648/j.ijrse.s.2015040101.14
https://doi.org/10.11648/j.ijrse.s.2015040101.14
https://doi.org/10.1016/j.mtsust.2022.100120
https://doi.org/10.3390/en15010311
https://doi.org/10.1007/s13399-020-00778-y
https://doi.org/10.1007/s13399-020-00778-y
https://doi.org/10.1016/j.rser.2014.11.052
https://doi.org/10.1016/j.rser.2014.11.052
https://doi.org/10.1016/j.biombioe.2017.11.006
https://doi.org/10.1016/j.scitotenv.2020.138138
https://doi.org/10.1016/j.biteb.2023.101336
https://doi.org/10.1016/j.jclepro.2019.05.116
https://doi.org/10.1016/j.rser.2016.12.078
http://refhub.elsevier.com/S2405-8440(23)04965-4/sref100
https://doi.org/10.3390/ma16010359
https://doi.org/10.1016/j.biortech.2021.125055
https://doi.org/10.1016/j.rser.2018.03.093
https://doi.org/10.1016/j.rser.2018.03.093

	Algae biogas production focusing on operating conditions and conversion mechanisms – A review
	1 Introduction
	2 Algae-based biogas production
	3 Anaerobic digestion
	4 Pretreatment of algae for biogas production
	4.1 Mechanical methods
	4.2 Enzymatic and catalytic methods
	4.3 Thermal methods

	5 Factors affecting biogas production from algae
	5.1 Carbon-to-Nitrogen ratio and particle size
	5.2 Retention time and temperature
	5.3 Algae species and seasonal change

	6 Future perspective
	7 Conclusions
	Funding statement
	Author contribution statement
	Data availability statement
	Additional information
	Declaration of competing interest
	References


