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ABSTRACT

Anaerobic digestion (AD) is a well-established and extensively explored technology for waste
management. However, the literature review related to the effect of microalgae on biogas
production in the anaerobic co-digestion with different substrates is limited. Using scientometric
tools can offer valuable insights into research gaps and emerging trends, facilitate the updating of
scientific datasets, and expand knowledge in this field. Therefore, this bibliometric review will focus
on the investigation of the advancements, trends, and recent updates in the co-digestion of
microalgae with different substrates. The Web of Science database was used for document
selection, and the bibliometric analysis was conducted using the VOSviewer version 1.6.19 software.
The findings of this study reveal that, up until 2024, the major focus areas in the field are
environmental studies related to biogas production, emphasizing microbiological and engineering
aspects. Key opportunities and trends identified include the integration of feedstock pretreatment
before AD to enhance biogas yield and quality. Adding microalgae as a co-substrate in anaerobic
reactors has emerged as a promising strategy to boost AD process efficiency. Microalgae contribute
additional organic matter and nutrients for AD and provide environmental benefits such as carbon
sequestration and wastewater treatment, aligning with Sustainable Development Goals (SDGs).
Gaining a deeper understanding of the role of microalgae in the systems is essential to establishing
AD as a profitable and sustainable waste management solution, offering substantial economic and
environmental advantages.

Keywords: Anaerobic, Microalgae, Co-digestion, Bibliometric, Sustainable Development Goals

INTRODUCTION agriculture, support local economies, create

jobs, reduce pollution pressure of the wastes
The increasing energy demand and interest in

on land and surface waters. The systems also
sustainable solutions emphasize the impor-

serve most of the United Nations (UN) Sustain-

tance of renewable energy sources (Muham-
mad Nasir et al., 2012). The production of bio-
gas through anaerobic digestion (AD) should
be particularly encouraged in both low- and
middle-income countries because of its ability
to reduce dependence on fossil fuels and posi-
tive contribution to waste management (Rah-
man et al.,, 2015). The biogas systems, which
produce renewable energy, decrease green-
house gases, improve waste management, pro-
vide nutrient-rich fertilizer, enhance sustainable

able Development Goals (SDGs). Increasing
regulatory pressures (Collivignarelli et al., 2015),
and the cost of conventional wastewater treat-
ment systems necessitate investigation of the
alternative processes such as microalgae. The
produced microalgae can be used as a co-sub-
strate in anaerobic processes.

The inclusion of microalgae in AD is frequently
emphasized in the literature for its potential to
increase methane production. Microalgae,
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which can adapt to different environments (freshwater, saltwater,
and wastewater) with autotrophic, heterotrophic, and mixotrop-
hic feeding modes, stand out with their biomass production ca-
pacities and environmental adaptation characteristics (Bingil et
al., 2021; Xue et al., 2020). Microalgal biomass increases the bio-
degradability of waste in addition to being an ideal substrate for
bacteria in anaerobic reactors, thereby enhancing methane yield
(Costa et al., 2022). It has been shown that protein-rich species, in
particular, can accelerate the hydrolysis and methanogenesis
stages (Magdalena et al., 2018).

Microalgae like Chlorella vulgaris and Scenedesmus have been
reported to be used for optimizing methane production by in-
creasing the biological degradability of organic waste. For ex-
ample, the use of Chlorella vulgaris together with wastewater
treatment sludge, increases methane production while reducing
ammonia toxicity, thereby improving process efficiency (Solé-
Bundé et al., 2019a). Additionally, the mixture of Chlorella vulgar-
is biomass with cattle manure provides high methane yield (Mah-
dy et al., 2017). Under mesophilic conditions, Scenedesmus bio-
mass has shown promising results with 70% chemical oxygen de-
mand removal and high biogas production (Greses et al., 2017).
These findings indicate that both species can be effectively used
in anaerobic reactors.

The use of microalgae for bioenergy and alternative material pro-
duction has been a subject of intense research for decades. How-
ever, the practical applications of microalgae for biocenergy pur-
poses have mostly remained at the laboratory scale (Zhu et al.,
2020). Despite limited full-scale applications, microalgae have
the potential to increase biogas in anaerobic reactors, and they
can be used as a valuable substrate. Nevertheless, to increase
methane yield, microalgae may need to be pretreated or co-di-
gested with different substrates (Vargas-Estrada et al., 2022).
Studies in the literature also include the use of microalgae with
sewage sludge, fertilizers, food waste, and industrial waste (Solé-
Bundé et al., 2019b).

Microalgae stand out as a valuable resource not only in biogas
systems but also in the production of various biofuels (biohydro-
gen, syngas, biobutanol, and bioethanol) and bio-products
(Nagarajan et al., 2021; Dolganyuk et al., 2020). The presence of
high amounts of biologically active compounds in their struc-
tures, such as proteins, polysaccharides, lipids, vitamins, pig-
ments, and enzymes, makes them an ideal candidate for many
sustainable applications (Dolganyuk et al., 2020). Furthermore, it
has been shown that microalgae have higher CO: capture capac-
ities compared to terrestrial plants (Cea-Barcia et al., 2018). The
contribution of microalgae cultivation to processes such as
wastewater treatment, nutrient recovery, and CO: capture, offers
a synergistic approach for environmental sustainability.

This study aims to systematically evaluate research focused on the
role of microalgae in AD processes through bibliometric analysis.
The bibliometric technique can provide a comprehensive map-
ping of the existing literature and identify unrecognized gaps in
the research field. Despite the significant interest in the potential
of microalgae to enhance methane production for biogas produc-
tion, there has been a lack of comprehensive research on this top-

icin the literature. This study aims to contribute to the literature by
carefully evaluating the effect of microalgae on AD, analyzing mi-
croalgae potential in the system and identifying research gaps.

MATERIALS AND METHODS

This study used the Web of Science (WoS) database to obtain the
scientific output data. The WoS database search was accessed
from 2009 up to 1 January 2024. The search keywords used were
‘microalgae’ and ‘biogas’ and ‘co-digestion,” excluding ‘Docu-
ment Types: Review Article,” ‘Publication Years: 2024," and ‘Docu-
ment Types: Book Chapters.’ Our keyword-based search yielded a
total of 228 publications in the form of articles. Using VOSviewer
version 1.6.19 software, the data was examined for the most pro-
ductive countries, the most cited documents, co-occurrence net-
works, keyword clusters of authors, publication years, and major
countries involved in research. These components provide a com-
prehensive perspective on the state of research, highlighting the
significance of bibliometric studies. The VOS viewer software used
in the study is an open-source and user-friendly program widely
used for network creation and visualization of bibliometric data
(Van & Waltman, 2010).

In the WoS database, the search results can be refined by the UN
SDGs. In our study, the search results are exported to an Excel
program, and the percentage of each SDG to the total number of
papers was calculated.

All data (n=288) were searched for the specific microalgae spe-
cies used. This search was carried out through paper abstracts.
The data obtained were recorded separately for each microalgae
species. A separate classification was made according to the
habitats of these microalgae. In addition to this classification for
microalgae species, pretreatment methods preferred in the liter-
ature were examined over all data (n=228) through the abstracts.
The collected data were categorized separately for each pre-
treatment.

Search criteria of the research field

-
Performance Analysis and Research Mapping Investigating the Role of Microalgae in
the Enhancement of Anaerobic Digestion.

Stage1

Record identified through Web of Science database (n=328)

-Selected database: Web of Science

~Timespan: 2009-2024

ywords: “mi , “biogas’,and “co-digestion”
Record filtered in database
I
excluded document types;
-review article and book chapter (n=254)
-publication years 2024 (n=228)
R —
/are a
Stage 5 -Analyzed within the scope of bibliometric assessment

-Bibliometric analysis and visualization utilizing Vosviewer
version 1619 software.

— "
Analysis of results

Performance Analysis;
most productive countries, most cited documents, co-occurrence network, most
popular microalgae species/pretreatment methods, and SDG distribution.

Figure 1. Research methodology.

RESULT AND DISCUSSION

In this study, the bibliometric analysis related to the use of mi-
croalgae in AD are presented, focusing on prominent countries,
publication numbers by year, most cited articles, and journals.
Additionally, the analyses were carried out for determining the
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relationship between keywords, the most commonly used mi-
croalgae species, frequently applied pretreatment methods, and
the SDG distributions of the publications. Each section of the re-
sults was discussed to provide detailed data on the research
progress and trends in the AD technology of microalgae.

Leading countries for studies on the use of microalgae in AD
The distribution by country of scientific studies examining the
contribution of microalgae to AD is an important tool to under-
stand the research intensity and international trends in the field.
In Figure 2, the number of papers published by specific countries
is shown on a colour-coded world map. This analysis is derived
from bibliometric data and reveals regional differences in scien-
tific productivity in the field.

The map shows that Spain is in the leading position with 64 pa-
pers. Spain is followed by China with 28 papers. The USA, which
ranks third, makes a significant contribution with 25 articles
thanks to diversified academic studies and funding sources in this
field. The USA was followed by India (21 papers), Brazil's (18 pa-
pers), Poland (12 papers). The countries have more interest in an-
aerobic co-digestion systems with microalgae. Australia (7 pa-
pers), and Egypt (7 papers) contribute to the field with a more
limited number of publications. The low number of publications
in these countries can be attributed to the interest for other re-
search priorities.

This analysis provides a basis for understanding the geographi-
cal differences in scientific research on the contribution of mi-
croalgae to AD. The map reveals a significant geographical dis-
parity in scientific publications on microalgae and AD, particu-
larly in Africa and the Middle East. It has been determined that
scientific publications are high in some countries and quite low
in others. The reason for this is that, despite extensive laborato-
ry-scale studies in this identified field of research, full-scale
studies are lacking. Therefore, the studies conducted in this
area cannot be applied to real systems, which limits interest for
research. This geographical analysis provides a broader per-
spective on studies conducted on the contribution of microal-
gae to AD. In future studies, including the missing regions in
the research network will contribute to a more balanced in-
crease in knowledge in the field.

Figure 2. The world map displays the major countries involved
in research on the use of microalgae in anaerobic
studies.

The most cited publications on the use of microalgae in AD
Table 1 presents a summary of the top 10 most efficient sources
in publishing literature focused on AD with microalgae. This sum-
mary includes the total citation count, sources, type of microal-
gae and co-digestion, and finally, the highest methane yield.

Publications on AD with microalgae have concentrated in the
high-impact scientific journal “Bioresource Technology.” This
journal has 9 publications and a total of 551 citations. The close-
ly following journals are “Science of the Total Environment,”
"Waste Management,” “Biomass Conversion and Biorefinery,”
and "Water Science and Technology,” which have 4, 2, 2, and 2
publications, respectively, and 190, 96, 40, and 27 total citations
respectively. These journals have played an important role in
publishing academic studies on AD by microalgae. Overall,
these top references have contributed to the dissemination of
knowledge obtained by researchers and to the advancement of
studies on the use of microalgae in anaerobic systems, and rep-
resent important platforms for them to promote innovation in

this field.

Preferred microalgae species in bibliometric analysis

Table 1, which presents the top 10 most cited articles, also high-
lights the microalgae species preferred in the studies. In order to
examine the effective role of microalgae in AD in more detail, the
most preferred microalgae species among all bibliometric data
(n=228) are given in Figure 3. Publications on AD by microalgae
generally focused on Chlorella microalgae. 48 articles preferred
this microalgae species. Scenedesmus, Nannochloropsis, Tet-
raselmis, Spirulina platensis and Chlamydomonas microalgae,
which closely follow this microalgae species, were included in 23,
13, 4, 3 and 3 publications, respectively. Isochrysis galbana,
Dunaliella salina, Selenastrum capricornutum, Pinnularia sp., Syn-
echococcus sp. and Desertifilum tharense microalgae are report-
ed in less than 3 publications.

In the light of the data obtained for WoS search, the co-digestion
studies focused mainly on Chlorella and Scenedesmus species,
with a smaller number of studies testing Nannochloropsis and Tet-
raselmis microalgae. However, considering that microalgae are
very diverse with different characteristics, it is important to test the

u Chlorella

W Scenedesmiis

® Nannochloropsis
Tetraselmis

u Spirulina platensis

B Chlamydomonas

 Isochrysis galbana

W Dunaliella salina

W Selenastrum capricornutum

u Pinmularia sp.

m Synechococcits sp.

u Pinnularia sp.

W Desertifilum tharense

Figure 3. Distribution of microalgae used in studies on the
role of microalgae in AD.
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Table 1. The top 10 most cited articles on the role of microalgae in AD.

Ranking Citation  Source Type of microalgae n:zs:z-gli;:s:?:nm mg:hzs:e e References

st 130 Bioresource Chlorella Waste sludge 468 mL/g VS Wang et al.,
technology 2013

2nd 92 Science of the Chlorella sp. Primary sludge - Solé-Bundé
Total Environment et al., 2017

3rd 91 Bioresource Microalgae mixture Sewage sludge 408 £ 16 Ncm?®  Olsson et al.,
technology g Vs 2014

4th 85 Energy Scenedesmus Opuntia maxima 308 £ 22 LCH, Ra-
Conversion and kgvs™! mos-Sudrez
Management etal., 2014

5th 82 Renewable En- Isochrysis galbana & Sewage sludge 566 = 5mlLBio-  Caporgno et
ergy Selenastrum capricor- gas/gSV al., 2015

nutum

6th 73 Bioresource - Barley straw, beet 404 L, kg ' VS Herrmann et

Technology silage and brown al., 2016
seaweed

7th 62 Bioresource Nannochloropsis Corn silage 0.33m*kg VS  Schwede et
technology salina al., 2013

8th 57 Renewable and - - - Solé-Bundé
Sustainable et al., 2019b
Energy Reviews

9th 56 Bioresource Dunaliella salina Olive mill solid 48.1 mL CH,/ Fernan-
Technology waste (g VS day) dez-Rodri-

guez et al.,
2014

10th 54 Waste Chlorella sp. Chicken manure 31.62mL.g™ Li et al., 2017

Management VS

potential of other microalgae species in anaerobic digestion. The
effect of different microalgae species on methane yield in anaero-
bic co-digestion systems has not yet been fully studied. In addi-
tion, this study was conducted only for the WoS database. Future
studies can also be conducted to include other databases.

Table 2 shows the natural habitats of microalgae preferred in the
studies obtained as a result of bibliometric analysis. Generally,
microalgae species living in freshwater were preferred in the
studies. Since they are widely used, the selection of certain mi-
croalgae species can affect the efficiency of anaerobic systems.
Therefore, it seems that the selection of both microalgae species
and waste type in anaerobic co-digestion is important for the ef-
ficiency of the systems.

Preferred pretreatment methods in bibliometric analysis

Anaerobic digestion processes are more efficient if pretreatment
methods are properly determined. Bibliometric analysis shows a
range of methods to optimise the treatment of biomass (Figure
4). Thermal pretreatment has been reported as one of the most
preferred of the pretreatment methods in the literature (Schwede
et al., 2013; Mahdy et al., 2015; Chen et al., 2017; Passos et al.,
2017; Wang et al., 2017; Cheng et al., 2018; Solé-Bundé et al.,
2018; Passos et al., 2018; Solé-Bundd et al., 2020; Llamas et al.,
2021; Vassalle et al., 2021). In comparison to other methods, ther-
mal pretreatment is preferred since it is capable of destroying the
structure of the biomass and increasing the amount of biogas

produced (Solé-Bundé et al., 2018). However, in the studies, the
thermal pretreatment process has not been evaluated in terms of
energy usage or sustainability in general. A few studies that have
evaluated it have shown that some part of the energy required by
the pretreatment process can be maintained from the produced
biogas. Carrillo-Reyers et al. (2021) assessed the thermal energy
required for thermophilic digestion (50 kWh d-1) and stated that
the energy can be provided by the wastewater treatment plant.
Vassalle et al. (2022) performed an energy assessment in terms of
the energy input and output values for the anaerobic reactor. An-
other method, alkaline pretreatment, is the second most com-
mon approach in five studies (Cheng et al., 2018; Panyaping et
al., 2018; Wannapokin et al., 2018; Du et al., 2020; Fardinpoor et
al., 2022). Ultrasonication with three papers is the third most com-
mon approach (Caporgno et al., 2016; Saleem et al., 2020; De-
bowski et al., 2022). These methods are useful due to their ability
to dissolve organic matter and increase microbial accessibility.
Enzymatic pretreatment offers a biotechnological alternative in
three studies (Prajapati et al., 2015; Avila et al., 2021; Llamas et
al., 2021). Another two studies combine the advantages of ther-
mal and alkaline approaches (Solé-Bundé et al., 2017; Fu et al.,
2023). The various pretreatment techniques, each reported in a
separate study, illustrate the experimental diversity in the field.
Acid hydrolysis (Cheng et al., 2018), autohydrolysis (Arias et al.,
2018), urea treatment (Yu et al., 2021), hydrothermal treatments
(Bohutskyi et al., 2019), microwave-assisted pretreatments (Feng
et al., 2019), and thermo-anaerobic treatment (Damtie et al,,
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Table 2. Habitats of microalgae included in the studies used in bibliometric analysis.

Types of microalgae

Number of documents

Fresh water Saline water

Chlorella 48
Scenedesmus
Nannochloropsis
Tetraselmis
Spirulina platensis
Chlamydomonas
Isochrysis galbana
Dunaliella salina

- N
w w

Selenastrum capricornutum
Pinnularia sp.
Synechococcus sp.
Desertifilum tharense

- A o a N W WD

T
+
+
+
+
4.
4.
4.
i
i
+ +
4

o Thermal

m Alkaline

m Ultrasonication
Enzymatic

m Thermo-alkaline

m Acid

m Autohydrolysis

mUrea

m Hydrothermal

= Microwave

B Thermo-anaerobic

m Ultrasound-+alkaline

= Temperature and pressure

m Hot water

Figure 4. Distribution of pretreatment methods used in
studies on the role of microalgae in AD.

2021) are some of them. Hybrid strategies utilizing ultrasound
and alkaline treatment (Caporgno et al., 2016), as well as varia-
tions in temperature and pressure (Arelli et al., 2020), demon-
strate novel methods to enhance substrate degradability. Ulti-
mately, hot water pretreatment (Saleem et al., 2020) is evaluated
as a cost-effective and eco-friendly solution. This distribution
highlights the dynamic and exploratory aspects of pretreatment
research on anaerobic digestion.

Yearly Trends and Keyword Co-Occurrences in Bibliometric
analysis

Figure 5 shows data from the WoS related to the distribution
trend of all articles on the use of microalgae in AD until the be-
ginning of 2024. The results show a consistent upward trend in re-
search on the use of microalgae in AD from 2009 to 2021. A no-
ticeable decrease in publication output occurred from 2021 to
the beginning of 2024. It has been stated that there is a restricted
applicability of microalgae in full-scale anaerobic systems
(Diez-Montero et al., 2020) and this decrease in the publications
may be linked to this situation. In addition, an analysis of studies
on microalgae over the last five years shows a strong research fo-

250

150

NUMBER OF PUBLICATIONS

50

0
2009 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Figure 5. Evolution of the number of publications over the
years (2009-2023 and 2009-2023).

cus on bioengineering, ecology and pharmaceutical sciences. A
search of the WoS database using the only keyword as “microal-
gae” revealed nearly 15,000 publications between 2021 and
2025, excluding review articles and book chapters (WoS link for
microalgae search). When the research areas were analyzed for
the microalgae, the results highlighted not only the continued
importance of microalgae in the energy sector but also their
growing importance in ecological applications, food production,
and pharmaceutical research. Therefore, the observed decline in
research publications can also be attributed to a shift in research
priorities for microalgae.

This study uses a keyword co-occurrence map to examine the sci-
entific literature on the role of microalgae in AD and biogas pro-
duction (Figure 6). The VOSviewer software produces a map
showing microalgae, biogas, co-digestion, and AD as the main
themes explored in the literature. The colour pattern of the map
indicates the frequency of terms over a given time period. Blue
shades indicate publications from 2014 and earlier. Within this
period, the terms 'waste-activated sludge’ and 'anaerobic diges-
tion" are prevalent. The green shades highlight topics such as
‘biomass’, ‘'methane production’ and 'C/N ratio’, all of which
were analysed from 2016 to 2018. The yellow tones indicate top-
ics that appeared in the literature from 2020 onwards, including
the keywords “biomethane potential”, “mixture design” and
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“microalgal biomass”. Researchers have investigated methods
to optimize processes (C/N ratio, methane potential) and the di-
gestion of microalgae using different biomasses (sewage sludge,
chicken manure). The analysis concludes that microalgae are
considered an innovative substrate for biogas production and
represent a crucial area of research for sustainable energy pro-
duction.

Figure 7 shows the importance levels of keywords in the biblio-
metric analysis according to the criteria of “occurrences” (fre-
quency) and “total link strength”. This study, when evaluating the
role of microalgae in AD and biogas production through keyword
analysis, shows that the keyword ‘microalgae’ is the most fre-
quently found in the literature (n = 25) and has the strongest as-
sociation strength (114). On the other hand, the term ‘biogas’ ap-
pears 22 times and has a connection strength of 106, suggesting
that microalgae play an important role in biogas production. The
terms ‘co-digestion’ and "anaerobic co-digestion’ stand out with
n=19 and n=18 occurrences respectively and have high connec-
tion values (83-84). This finding indicates that extensive research
has been conducted on microalgae in digestion processes with
different biomass. On the contrary, the term ‘anaerobic diges-
tion" is observed with lower frequency (n=11) and connection
strength (55). This indicates that microalgae research is con-
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Figure 6. Role of microalgae in AD: Bibliometric Keyword Co-
Occurrence Network (2009-2023).
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Figure 7. Distribution of Keywords by Occurrence and Total
Link Strength.

cerned with AD processes, but the main focus is on co-digestion
and biogas production. Finally, the study shows that microalgae
are an important area of research for biofuel production and sus-
tainable energy systems. They are also very important for biogas
production and especially for co-digestion studies.

Alignment of Microalgae and Anaerobic Digestion Studies
with SDGs

Figure 8 also illustrates the strong relevance of studies on the
role of microalgae in AD to the SDGs. According to the data, a
very high proportion (98.25 percent) of studies using microalgae
in AD processes were associated with “clean water and sanita-
tion"” (SDG 6). For "affordable and clean energy” (SDG 7), AD of-
fers a significant strategy to provide clean energy through biogas
production. Additionally, in line with the goals of “responsible
production and consumption” (SDG 12), AD supports the recov-
ery of biomass and waste, contributing to responsible consump-
tion targets. Although “climate action” (SDG 13) has a low repre-
sentation rate of 0.44%, the goal of “increasing climate resil-
ience” stated in SDG 13.2.1 can be supported by the adaptability
of microalgae-based anaerobic systems to waste sources and en-
ergy security. AD processes provide contributions to this target
by providing carbon emission reduction and renewable energy
generation. The lack of studies directly related to climate change
mitigation provides an opportunity for future research in this
field. The underrepresentation of SDG 13 in the context of mi-
croalgae and anaerobic digestion research may highlight the gap
in carbon footprint studies for microalgae-based systems. Ad-
dressing these gaps will require a concerted effort to prioritize re-
search that assesses the environmental impacts of integrating mi-
croalgae into anaerobic systems, as well as fostering interdisci-
plinary collaboration and funding for studies that emphasize cli-
mate action. In this way, the potential of microalgae to contribute
to sustainable development and climate change mitigation can
be more effectively realized.This study is an important resource
to assess the contribution of AD and microalgae to sustainable
development goals. Future research should focus on further un-
locking the potential of AD in the context of climate change and
energy efficiency.

To summarise the study in general, this bibliometric analysis covers
the studies on this subject in the literature. In addition to other bib-
liometric analysis data, the study was detailed in terms of microal-

250 100%
i Record Count  ===9% of 228
200 80%
150 60%
100 40%
50 20%
0 12Re ibl 0%
06 Clean Water 07 Affordable And espo.nsl © - N
. Consumption And 13 Climate Action
And Sanitation Clean Energy N
Production
mmm Record Count 224 114 114 1
—% of 228 98.25% 50.00% 50.00% 0.44%

Figure 8. SDG Distribution of Microalgae and AD Studies.
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gae species used in the studies, pre-treatment methods, and link
to the SDGs. Some research gaps were identified in the literature.
The primary limitations are that most studies are confined to labo-
ratory-scale experiments, with a focus on certain preferred mi-
croalgae species. Additionally, there is a lack of optimization stud-
ies, integration of new technologies into existing systems, and suf-
ficient evidence to demonstrate sustainability and economic feasi-
bility. This bibliometric analysis is expected to play an important
role in the development of future studies in this field.

CONCLUSION

This research is a bibliometric analysis of the research on the use
of microalgae as co-digestion in anaerobic systems and the re-
sulting biogas production. From the bibliometric analysis, it can
be concluded that 70% of the studies on the use of microalgae in
anaerobic systems were published until 2021. Most of the re-
search was linked to the SDGs on “clean water and sanitation”
(SDG ¢), "affordable and clean energy” (SDG 7) and “responsi-
ble production and consumption” (SDG 12). The most common-
ly used microalgae species are Chlorella, Scenedesmus, Nan-
nochloropsis, Tetraselmis, Spirulina platensis, and Chlamydomo-
nas microalgae. Microalgae living in fresh waters were generally
preferred. In some of the anaerobic systems where microalgae
were used, pretreatment was preferred. The most commonly
used pretreatments were thermal, alkaline, ultrasonication, enzy-
matic, and thermo-alkaline, respectively.

Given the current findings, future studies should not be limited
to lab-scale, and full-scale studies should be attempted. In addi-
tion, in anaerobic systems where certain microalgae species are
favoured, more comprehensive studies are needed to under-
stand the process mechanism of other microalgae species. Little
information is available in the literature on the microalgae-meth-
anogen relationship, and further studies are needed to under-
stand this. Future studies with the integration of advanced tech-
nological applications (smart sensor and automation technolo-
gies, etc.) may provide more insights into biogas volume and ef-
ficiency in these systems.
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