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Microalgal biomass has gained a significant role in the development of dif-ferent high-end (nutraceuticals, colorants, food

supplements, and pharmaceuticals) and low-end products (biodiesel, bioethanol, and biogas) due to its rapid growth and

high carbon-fixing effi-ciency. Therefore, microalgae are considered a useful and sustainable resource to attain energy

security while reducing our current reliance on fossil fuels. From the technologies available for obtaining biofuels using

microalgae biomass, thermochemical processes (pyrolysis, Hydrothermal Liquefaction (HTL), gasification) have proven to

be processed with higher viability, because they use all biomass. However, due to the complex structure of the biomass

(lipids, carbohydrates, and proteins), the obtained biofuels from direct thermochemical conversion have large amounts of

heteroatoms (oxygen, nitrogen, and sulfur). As a solution, catalyst-based processes have emerged as a sustainable

solution for the increase in biocrude production. 
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1. Introduction

Biofuels are broadly classified by generations. First-generation (1st gen) biofuels are produced from food feedstock (corn,

sugarcane, soybean, potato, beet, soybeans, coconut, sunflower, rapeseed, palm oil, switchgrass, Jatropha, Camelina,

Cassava). Although 1st gen is considered a sustainable source of energy due to the reduction on greenhouse gas (GHG)

emissions, specific details such as their competition with food supply, high requirement of government subsidies, large

amounts of non-sustainable fertilizers, and environmental concerns due to the loss of biodiversity linked to the promotion

of deforestation for large monoculture areas  hinder their true impact as a cleaner and more sustainable option over

fossil fuels.

Second-generation (2nd gen) was conceived as a partial solution of several draw-backs of 1st gen biofuels. This

generation relies on nonfood items such as cellulosic biomass, straw, manure, used cooking oil, and other non-

conventional sources, which usually finish in landfills once their useful portion has been removed . However, 2nd gen is

still not industrially profitable due to biomass complexity and problems as-sociated with its production, storage, and

transportation .

Third-generation (3rd gen) focuses on the upgrade of aquatic feedstock, such as microalgal and cyanobacterial biomass,

into different fuels. Microalgae have been praised as a better solution for the energy problem due to specific qualities of

algal production: (i) do not compete with human and animal food stock, (ii) harvesting can be done through the year, (iii)

can employ saline and wastewater, (iv) have better growth rate than higher plants, (v) can convert up to 183 G tons of

CO2 to produce 100 G tons of biomass in comparison to higher plants such as wood crops (165 G tons of CO2 to

produce 100 G tons of biomass) , and (vi) the concentration of transforma-ble metabolites (lipids and carbohydrates) is

stable in the biomass. First, the selected strain had to be cultured until it reaches the largest possible biomass

concentration in the photobioreactor; once reached, the biomass is removed from the culture media (centrifugation,

flocculation, filtration, and other techniques) and dried. Then, the dried biomass is ready to be used as feedstock for

several biofuels (biodiesel, bioetha-nol, biogas, and so on). These different sections have been the main topic of research

over the last 20 years, attracting the attention of different universities, research cen-ters, and energy companies

worldwide such as Ecopetrol (Colombia), Exxon Mobile, Shell (US), Petrobras (Brazil), and Total (France).

2. How the Production of Algae-Based Biofuels Changed over Time

Several companies worldwide such as Solix biofuels, Corbion (previously known as Terravia or Solazyme), Cellana,

Sapphire Energy, Seambiotic, Oil Fox, Synthetic genomics, Euglena, and others started the race for algae-based biofuels.

However, after years of research, none of the companies proved the economic balance of algal-based biofuels . The

latter can be due to several problems identified through the last decade. First, the microalgal biodiversity is so vast that
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after ten years of research, we are still far from identifying the total diversity of algae and cyanobacteria [15]. Another

problem related to the strains is the stability of their growth on industrial photobioreactors and the synthesis of the target

metabolite .

Table 1. Different strains studied for biodiesel production.

Strain
Lipids

(wt %)

Carbohydrates
(wt %)

Proteins

(wt %)
Reference

Arthrospira platensis 30.23 31.89 16.81

Auxenochlorella
protothecoides

42 26 30

Botryococcus braunii

45 10 44

60 20 18

Chlamydomonas
reinhardtii

22.11 52.2 23.69

Ch. reinhardtii CC-400 28.5 n/a n/a

Ch. Reinhardtii CC-4349 64.25 n/a n/a

Chlorella sp G-9 36.5 n/a n/a

C. kessleri 20 18.7 53.8

C. pyrenoidosa 19.8 14.8 57.3

C. vulgaris UTEX 259 28 35 20

C. vulgaris UTEX 1803 12 36 41

C. vulgaris Mutant

(UV715)
41 n/a n/a

Chlorococcum
oleofaciens

20 42 35

Dunaliella tertiolecta 15 10 56

Nannochloropsis
gaditana

17.6 n/a 24.1

Pseudokirchneriella
Subcapitata

40 20 30
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Phaeodactylum
tricornutum

55.7 9 22

Scenedesmus
almeriensis

13.1 n/a 30

S. obliquus

32.5 n/a n/a

24.9 n/a n/a

35 22 32

Tetraselmis suecica

9.03 20 37.27

25.07 17.52 42.05

Limited studies reported that few species of microalgae and cyanobacteria possess an inherent capacity for lipid synthesis

and storage (Table 1). Initially, the studies focused on applying industrially relevant strains such as Spirulina (Arthorspira)

, Auxenochlorella , Botryococcus , Chlamydomonas , Chlorella , Dunaliella ,

Scenedesmus , and Tetraselmis . Over time, other strain with a unique capacity for the synthesis of

lipids and hydrocarbons such as Botryococcus braunii  were isolated and identified, and more recently, the scientific

community has opted for the production of mutant strains with large lipid storage .

Microalgae can be produced under autotrophic, mixotrophic, or heterotrophic conditions. Different systems for the

production of algae are available for their culture under the three conditions, as mentioned earlier . Autotrophic systems

are the most common, since the algae only require light as an energy source and dissolved CO  as a source of carbon.

Usually, algae growth under autotrophic systems can be produced in open or closed photobioreactors. Open ponds are

the simplest of all systems for algal production, and it requires low energy inputs. It has easy maintenance; however, it is

severely affected by seasonal variations and is prone to contamination by other microbes . Mixotrophic and

heterotrophic production of algae requires the addition of organic carbon sources (glucose, acetate, and others), which

can lead to contamination by the presence of bacteria and fungi; therefore, these systems require closed photobioreactors

(PBR). Closed PBR offers several advantages over open systems: (i) aseptic growth conditions, (ii) increased cell

concentration due to better light distribution, (iii) improved pH control, and (iv) reduced water loss due to evaporation.

However, their operation cost, maintenance, and energy inputs are considerably higher than in open ponds .

After biomass production, the cells are harvested from the media. Due to their nature, microalgal cells have a small size

and low specific gravity; therefore, their concentration and harvesting are energy and time-intensive . Several

techniques are available at industrial scale such as centrifugation, filtration, flocculation, flotation, electroflotation, and so

on . However, the method’s selection and application lie on the technical and economic analysis since some of them

can be extremely expensive and energy-intensive for the production of algal-based biofuels . Once the biomass is

removed from the media, most of the cell water content must be removed via spray drying, drum drying, freeze-drying, or

solar drying to avoid any interference with the extraction . Following drying comes the extraction of lipids and

carbohydrates, which is considered as the crucial step that inhibits the industrial-scale production of algae-based biofuels

. The microalgal cell wall is made of polysaccharides and cellulose synthesized from silicic acid , and it must be

broken in order to release both lipids and carbohydrates; as a consequence, only a fraction of the biomass is used in

biofuel process production. Therefore, biodiesel and bioethanol production are still not economically feasible due to the

high cost and energy inputs in almost all stages . Other biofuels such as biogas and biohydrogen have gained attention

as sustainable alternatives for energy production using microalgal biomass.

3. Biochemical Conversion for Third-Generation Biofuel

The biochemical conversion of algal biomass into third-generation biofuels are divided into biodiesel, bioethanol, biogas,

and biohydrogen. Biodiesel from algae requires the extraction and conversion of lipidic fraction into low atomic weight

compounds, biodegradable fatty acid methyl esters (FAME), for hands ready usage in engines through transesterification

. In the transesterification reaction in the presence of a chemical (acid, alkali) or biological (lipase) catalyst ,
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methanol or ethanol is used to increase the reaction rate and maintain a balance change toward the production of fatty

acid esters with glycerol as a by-product . The biodiesel derived from algal biomass has a petrodiesel-like calorific

value (39–41 MJ/kg) ; it also has a higher percentage of unsaturated fatty acid compared to saturated fatty acid, which

is a prerequisite for fuel engineering . A higher degree of unsaturation leads to better cold flow; however, insoluble

particle production is simultaneously increased .

Microalgae are an alternative resource for bioethanol production as they showed higher productivity than certain

feedstocks for bioethanol production, such as sugarcane and corn [53]. Several strains accumulate carbohydrates in

excess (mainly as insoluble starch and cellulose, with the absence of lignin) of up to 50% of their dry weight (DW) .

These carbohydrates are not readily fermentable to bioethanol ; thus, pretreatment processes, including chemical (acid

and alkaline) or enzymatic hydrolysis, are crucial .

There are many pretreatment methods (acid, basic, and enzymatic hydrolysis); however, their cost can significantly

contribute up to 30% of the total cost of bioethanol production . Acid hydrolysis is quicker and cheaper under high

temperatures and pressures but can decompose sugar into inhibitors . Conversely, under mild temperatures and

pressure, enzymatic hydrolysis can be achieved, but it is slower, more costly, and still involves physical or chemical

pretreatment .

Biogas is produced via a sequence of biochemical processes converting the organic material: hydrolysis, fermentation,

acetogenesis, and methanogenesis, also known as anaerobic digestion (AD) . In this process, the whole biomass is

used for the production of methane (55–75%) and carbon dioxide (25–45%) ; therefore, the energy performance is

higher in comparison to biodiesel and bioethanol . Additionally, nutrients such as organic nitrogen or phosphorus may

be mineralized and subsequently recycled for algae cultivation . Unlike biogas, biohydrogen is produced via their

metabolic pathways along with the cell growth; therefore, it does not require further processing of the biomass (i.e.,

harvesting, dewatering, drying, and extraction), and it is considered clean and renewable, with higher energy production

(142 MJ/Kg) . Biohydrogen can be obtained by photofermentation, dark fermentation, direct and indirect biophotolysis

; however, hydrogen production cannot be achieved amidst effective photosynthesis, as oxygen inactivates

hydrogenase . The Research and Development on algal-based biofuels is a field that, in recent years, has been

maintained with a considerable number of publications. Figure 1 shows the number of publications per year in the last 18

years, according to the Scopus database (Elsevier). It is possible to observe an exponential increase in the number of

publications between 2006 and 2015. Since 2016, the number of documents has remained almost constant up to a final

number of 8022 (including accepted manuscripts for 2021). The United States, China, India, South Korea, and the United

Kingdom dominate the scientific publication on algal-based biofuels.

(a)

(b)

Figure 1. Evolution of the number of publications from 2003 to 2020 on algal biofuels (a) and their country of origin (b).
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