
 

 

 

 
 

Egyptian Journal of Aquatic Biology & Fisheries  

Zoology Department, Faculty of Science, 

Ain Shams University, Cairo, Egypt. 

ISSN 1110 – 6131 

Vol. 29(4): 1115 – 1128  (2025) 

www.ejabf.journals.ekb.eg 

  
Prospects of Oil Production From Algae: A Review 

Mahmoud Sami*  
Department of Marine Science , Faculty of Science, Suez Canal University, Egypt 

*Corresponding Author: Mahmoud_Sami@science.suez.edu.eg                                                            
 

 

INTRODUCTION  

      The increasing global demand for sustainable alternatives to fossil fuels and 

traditional vegetable oils has spurred significant interest in microalgae-derived oils as a 

renewable and eco-friendly resource (Chisti, 2007). Algal oil, extracted from 

photosynthetic microorganisms such as Chlorella, Nannochloropsis, and Schizochytrium, 

is gaining prominence due to its high lipid content (20–50% dry weight) and ability to 

thrive in non-arable land with minimal freshwater requirements (Schenk et al., 2008). 

Unlike conventional oil crops (e.g., soybean, palm), microalgae can 

produce triacylglycerols (TAGs) and omega-3 fatty acids (e.g., EPA and DHA) without 

competing with food production, making them a viable solution for food security and 

carbon-neutral energy (Adarme-Vega et al., 2012). The global market for algal oil is 

expanding, driven by its applications in renewable energy (biodiesel, aviation biofuel) 

(Laurens et al., 2017; Hasan, 2023), cosmeceuticals (antioxidant and anti-aging 
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The global demand for sustainable alternatives to conventional oils 

has driven intensive research into microalgae-derived lipids. This review 

examined the current state of algal oil production, encompassing cultivation 

techniques, extraction technologies, applications, and prospects. Open and 

closed cultivation systems were analyzed highlighting how advanced 

photobioreactors achieve 30-50% higher productivity than traditional ponds. 

The work critically evaluates mechanical, chemical, and emerging green 

extraction methods, with particular focus on supercritical CO₂ extraction 

that preserves 95% of PUFAs. Algal oil can be considered as a superior 

source of bioavailable omega-3 fatty acids (200-300 mg DHA/g), while its 

biofuel potential shows 70-90% lower lifecycle emissions than petroleum. 

The review identified key challenges including production costs ($3-8/kg) 

and scaling limitations, while presenting cutting-edge solutions like 

CRISPR-engineered strains with 2.5× lipid yields. The integrated 

biorefineries combining biofuel production with high-value co-products 

represent the most viable commercialization pathway. With appropriate 

technological maturation and policy support, algal oil could displace 10-

15% of conventional vegetable oil production by 2035, addressing food 

security, energy sustainability, and climate change mitigation. 
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properties) (Wang et al., 2017; Ali et al., 2024), functional foods and 

nutraceuticals (vegan omega-3 supplements replacing fish oil) (Borowiak et al., 2021), 

and biodegradable plastics and industrial lubricants (Ashokkumar et al., 2022). 

The biotechnology sector has leveraged genetic engineering and optimized 

cultivation systems (e.g., photobioreactors, heterotrophic fermentation) to enhance algal 

lipid yields, addressing previous limitations in scalability (Hasan, 2023). Furthermore, 

algal oil has diverse applications, ranging from nutritional supplements (replacing fish oil 

in vegan diets) to third-generation biofuels, aligning with the United Nations Sustainable 

Development Goals (SDGs) for clean energy and responsible consumption (Gouveia et 

al., 2017; Eppink et al., 2018). 

Despite its potential, challenges such as high production costs, energy-intensive 

extraction methods, and market competitiveness hinder widespread adoption (Borowiak 

et al., 2021). This review critically evaluates recent advancements in algal oil production, 

its multifaceted applications, as well asthe economic and environmental barriers that must 

be overcome to realize its full potential. 

Background and significance of algal oil 

Microalgae and cyanobacteria represent a highly efficient biological system for 

lipid biosynthesis, capable of accumulating 20–70% of their dry weight as oils under 

optimized conditions (Hu et al., 2008). These photosynthetic microorganisms utilize 

sunlight and CO₂ to produce triacylglycerides (TAGs), phospholipids, and free fatty 

acids, with certain strains (e.g., Schizochytrium spp. and Nannochloropsis spp.) 

exhibiting exceptional lipid productivity (Zhu et al., 2019). Unlike terrestrial oil crops, 

microalgae thrive in diverse aquatic environments, including marine, brackish, and 

wastewater systems, eliminating competition for arable land while offering 10–20 times 

higher oil yields per hectare than palm oil (Chisti, 2007). Their rapid growth rates 

(doubling times of <24 h under optimal conditions) and ability to fix 1.5–2.0 kg of CO₂ 

per kg of biomass position them as a scalable solution for sustainable fuel and food 

production (Kumar et al., 2020). 

The nutritional profile of algal oil can be distinguished from conventional plant 

and animal-derived oils. It serves as the primary biosynthetic source of eicosapentaenoic 

acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3), long-chain omega-3 

fatty acids critical for human cardiovascular and neurological health (Ryckebosch et al., 

2014). Unlike fish oil, algae-derived DHA is free from environmental contaminants (e.g., 

methylmercury, PCBs) and is the preferred source for vegan nutritional supplements and 

infant formula (Adarme-Vega et al., 2012). Additionally, algae synthesize high-value 

antioxidants (e.g., astaxanthin, fucoxanthin) and antimicrobial compounds with 

applications in functional foods, cosmeceuticals, and pharmaceuticals (Gouveia et al., 

2017). 

From an industrial perspective, algal oil production has evolved from early 

biomass cultivation for protein (1940s) to today's integrated biorefineries co-producing 
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biofuels, nutraceuticals, and biomaterials (Chew et al., 2017). The U.S. Department of 

Energy's Aquatic Species Program (1978–1996) laid the foundation for algal biofuels, 

while modern genetic engineering has enhanced lipid yields through targeted 

overexpression of acetyl-CoA carboxylase and diacylglycerol acyltransferase genes 

(Radakovits et al., 2010). Despite these advances, economic barriers persist, with current 

production costs (~$3–8/kg) remaining higher than commodity plant oils ($0.5–1.5/kg), 

primarily due to energy-intensive harvesting and extraction processes (Richardson et al., 

2012). 

The global algal oil market reflects growing demand across food, energy, and 

pharmaceutical sectors (Harshitha et al., 2023; Ali et al., 2024). Strategic initiatives like 

the EU's Algae-Based Products for a Sustainable Bioeconomy (ALGAE4IB) and 

corporate investments (e.g., DSM's life’sDHA, Neste's renewable jet fuel) underscore its 

commercial viability. Environmentally, algae cultivation aligns with circular economy 

principles by valorizing wastewater nutrients and industrial CO₂ emissions, while its 

minimal land/water requirements offer a sustainable alternative to deforestation-linked 

oils (palm, soybean). Future adoption hinges on overcoming scalability challenges 

through innovations in strain engineering, bioreactor design, and policy support for 

carbon-neutral bioeconomies. 

Production methods of algal oil 

1- Cultivation techniques 

Microalgae cultivation systems are broadly categorized into open ponds, closed 

photobioreactors (PBRs), and heterotrophic fermentation, each with distinct advantages 

and limitations. Open raceway ponds, the most economical option, utilize paddlewheels 

to circulate algae in shallow (20–30 cm) channels exposed to sunlight, achieving biomass 

productivities of 10–25 g/m²/day (Chisti, 2007; Sami et al., 2016). However, they suffer 

from evaporation losses, contamination risks, and low CO₂ transfer efficiency (Posten, 

2009). In contrast, closed PBRs (e.g., tubular, flat-panel, or column reactors) offer sterile 

conditions, higher cell densities (up to 5 g/L), and improved light penetration through 

optimized designs (Ugwu et al., 2008). For instance, flat-panel PBRs achieve 30–50% 

higher lipid productivity than open ponds due to enhanced light-path control (Zittelli et 

al., 2006). 

Heterotrophic fermentation bypasses light dependence by feeding algae organic 

carbon sources (e.g., glucose, acetate) in stainless-steel bioreactors. This method is 

employed for high-value strains like Schizochytrium, yielding >50 g/L biomass with 40–

60% lipid content (Ren et al., 2009). Emerging hybrid systems, such as mixotrophic 

cultivation, combine photosynthesis and organic carbon uptake to boost lipid yields 

by 20–30% (Wang et al., 2013). 

2- Extraction processes 

Algal lipid extraction involves cell disruption followed by solvent or mechanical 

separation. Mechanical methods, including high-pressure homogenization (HPH) and 
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bead milling, achieve 70–90% cell disruption efficiency but are energy-intensive (Halim 

et al., 2012). Ultrasound-assisted extraction reduces energy use by 40% while improving 

lipid recovery through cavitation (Chemat et al., 2017). 

Solvent-based extraction, the industry standard, employs chloroform-methanol 

(Bligh & Dyer method) or hexane, recovering 95–99% of lipids (Lee et al., 2010). 

However, toxicity concerns have spurred research into green solvents like ionic 

liquidsmand supercritical CO₂ (scCO₂). scCO₂ operates at 50–60°C and 200–400 bar, 

extracting lipids without residual solvents and enabling >90% recovery of PUFAs (Taher 

et al., 2014). 

3- Genetic and biotechnological enhancements 

Strain improvement focuses on overexpressing lipid biosynthesis 

genes (e.g., accD, DGAT) while suppressing competing pathways. For 

example, Nannochloropsis engineered with malic enzyme (ME) showed a 2.5-fold higher 

TAG accumulation under nitrogen starvation (Zhang et al., 2007). CRISPR-Cas9 has 

been used to knock out starch synthase genes in Chlamydomonas, redirecting carbon flux 

toward lipids (Shin et al., 2016). 

Omics-guided metabolic engineering leverages transcriptomics and flux balance 

analysis to identify lipid-boosting targets. A Phaeodactylum strain with modified fatty 

acid desaturases (FADs) produced 35% more EPA than wild type (Xue et al., 

2015). Synthetic biology tools, such as yeast-algae consortia, enable ex vivo lipid 

production by transferring algal DGAT genes to Yarrowia lipolytica (Larroudé et al., 

2018). 

Applications of algal oil 

1- Food industry applications 

Algal oil has emerged as a sustainable alternative to traditional vegetable and fish 

oils in food products, primarily due to its high nutritional value and eco-friendly 

production. The most significant application is as a source of omega-3 fatty acids, 

particularly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which are 

essential for human health (Ryckebosch et al., 2014). Unlike fish oil, algae-derived DHA 

is free from environmental contaminants such as mercury and polychlorinated biphenyls 

(PCBs), making it safer for consumption, especially in infant formula and prenatal 

supplements (Adarme-Vega et al., 2012). Companies like DSM (life’sDHA®) and 

Corbion (AlgaPrime™) commercially produce algal omega-3 oils for fortification 

in plant-based milk, yogurt, and meat alternatives (Gouveia et al., 2017). Additionally, 

algal oil is rich in monounsaturated fatty acids (MUFAs) and antioxidants (e.g., 

astaxanthin), which enhance the nutritional profile of functional foods while extending 

shelf life (Wang et al., 2017). 
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2- Biofuel production 

Algal oil is a promising feedstock for third-generation biofuels, 

including biodiesel, renewable diesel, and aviation fuel, due to its high lipid content and 

compatibility with existing refining infrastructure. Transesterification of algal 

triglycerides yields fatty acid methyl esters (FAMEs), the primary component of 

biodiesel, with a cetane number >50, meeting ASTM D6751 standards (Chisti, 2007). 

Companies like ExxonMobil and Sapphire Energy have invested in large-scale algae 

biofuel projects, though economic challenges (e.g., high production costs ~$3–8/kg) 

remain a barrier (Richardson et al., 2012). Hydroprocessing algal oil 

produces hydrotreated vegetable oil (HVO), a drop-in replacement for petroleum diesel, 

with 90% lower greenhouse gas emissions (Laurens et al., 2017). The U.S. Department 

of Energy’s Bioenergy Technologies Office (BETO) has identified algae as a key 

resource for achieving renewable fuel targets (Rosales et al., 2024). 

3- Cosmetics and pharmaceuticals 

In cosmetics, algal oil is prized for its moisturizing, anti-aging, and anti-

inflammatory properties, attributed to its high squalene (up to 10%) and polyphenol 

content (Kim et al., 2016). Squalene, a natural emollient, is used in high-end skincare 

products (e.g., creams, serums) to improve skin hydration and reduce oxidative stress 

(Ashokkumar et al., 2022). Algae-derived astaxanthin and fucoxanthin are potent UV-

protective and anti-wrinkle agents, incorporated into sunscreens and anti-aging 

formulations (Wang et al., 2017). 

In pharmaceuticals, algal oil is a source of EPA-based drugs, such as Vascepa® 

(icosapent ethyl), approved by the FDA for reducing cardiovascular risk (Huston et al., 

2023). Algal DHA is critical for neurological development, with clinical studies 

supporting its role in preventing Alzheimer’s and ADHD (Dyall, 2015). Additionally, 

algae-derived squalene is a key adjuvant in vaccines (e.g., Novartis’ MF59), enhancing 

immune response (O’Hagan & Fox, 2015). 

4- Environmental benefits 

Algal oil production offers significant ecological advantages, positioning it as 

a key sustainable resource in the circular bioeconomy. Microalgae cultivation sequesters 

1.5–2.0 kg of CO₂ per kg of biomass, directly mitigating industrial greenhouse gas 

emissions when grown using flue gas or wastewater (Kumar et al., 2020). Unlike 

conventional oil crops, algae require no arable land, thriving in brackish water, seawater, 

or wastewater, thereby reducing freshwater consumption by 80% compared to soybean or 

palm oil cultivation (Yang et al., 2011). Algal systems also purify wastewater, 

removing 70–90% of nitrogen and phosphorus from agricultural runoff and municipal 

effluents, while simultaneously generating biomass (Posadas et al., 2015). Furthermore, 

algae-derived bioproducts—such as biodegradable plastics and biofuels-decompose 5x 

faster than petroleum-based alternatives, minimizing persistent pollution (Ashokkumar 
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et al., 2022). By displacing deforestation-linked oils (e.g., palm oil) and offering higher 

oil yields per hectare (10–20x), algae cultivation supports land conservation and 

biodiversity protection (Wijffels & Barbosa, 2010; Sami et al., 2020, 2025 ). These 

combined benefits underscore algal oil’s potential to address climate change, water 

scarcity, and pollution simultaneously. 

Advantages over conventional oils 

1- Higher sustainability and resource efficiency 

Algal oil surpasses conventional vegetable oils (e.g., palm, soybean, rapeseed) 

in resource efficiency and ecological footprint. Microalgae cultivation requires only 0.1–

1.0 m³ of water per kg of oil produced, compared to 2.5–5.0 m³ for soybean and 5.0–7.5 

m³ for palm oil, drastically reducing freshwater demand (Yang et al., 2011). Crucially, 

algae grow on non-arable land using saline or wastewater, eliminating competition with 

food crops and avoiding deforestation-a major issue linked to palm oil expansion 

(Wijffels & Barbosa, 2010). Life cycle assessments (LCAs) confirm that algal oil 

generates 60–80% lower land-use impacts than palm oil (Lardon et al., 2009). 

Additionally, algae can be cultivated year-round with productivities of 20–50 tons of dry 

biomass per hectare annually, outperforming palm oil’s 3–5 tons/ha/year (Chisti, 2007). 

2- Superior nutritional profile: Essential fatty acids and bioactives 

Algal oil is the richest non-animal source of long-chain omega-3 fatty acids, 

providing 200–300 mg of DHA/g oil, whereas soybean and canola oils 

contain none (Ryckebosch et al., 2014). Unlike fish oil, algal DHA is free from 

methylmercury, PCBs, and microplastics, making it safer for infants and pregnant women 

(Adarme-Vega et al., 2012). It also contains unique antioxidants (e.g., astaxanthin, 

fucoxanthin) absent in plant oils, which exhibit 10–100x higher free-radical scavenging 

activity than vitamin E (Wang et al., 2017). Clinical trials demonstrate that algal DHA 

supplementation improves cognitive function in adults (P < 0.01) and 

reduces cardiovascular inflammation markers (CRP by 15–20%) (Huston et al., 2023). 

3- Greenhouse gas (GHG) mitigation potential 

Algal oil’s carbon footprint is 70–90% lower than petroleum-based fuels and 30–

50% lower than palm biodiesel when integrated with CO₂ capture (Laurens et al., 2017). 

Microalgae fix 1.8–2.2 kg CO₂ per kg of biomass, potentially offsetting 5–10 Gt 

CO₂/year if deployed at scale (Kumar et al., 2020). In contrast, palm oil cultivation 

emits 20–50 kg CO₂ eq/kg oil due to peatland degradation (Fargione et al., 2008). Algae-

to-biofuel pathways can achieve net-negative emissions when powered by renewable 

energy (-0.5 kg CO₂ eq/MJ vs. +3.0 kg CO₂ eq/MJ for diesel) (Quinn et al., 2014). Policy 

models suggest that replacing 10% of global vegetable oil with algal oil by 2050 could 

cut agricultural GHG emissions by 5–7% (Davis et al., 2024). 
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Challenges and limitations 

The commercialization of algal oil faces significant technical, economic, and 

environmental hurdles that must be addressed to achieve scalability and cost-

competitiveness. High production costs ($3–8/kg) remain a primary barrier, driven by 

energy-intensive processes such as centrifugation (5–20 kWh/m³ for harvesting) and 

solvent-based lipid extraction (2–5 MJ/kg oil) (Grima et al., 2003; Halim et al., 2012). 

Nutrient inputs, particularly nitrogen and phosphorus, contribute 30–50% of operational 

expenses, further straining economic viability (Richardson et al., 2012). 

Scalability issues further complicate large-scale deployment. Open pond systems, 

while cost-effective, suffer from contamination by invasive species (e.g., rotifers) and 

competing algae, reducing productivity by 30–50% (Carney & Lane, 2014). 

Photobioreactors mitigate contamination but face light limitation due to self-shading, 

dropping photosynthetic efficiency below 5% in dense cultures (Posten, 2009). Seasonal 

variability introduces additional instability, with biomass yields fluctuating 30–70% 

between summer and winter (Zittelli et al., 2006). 

Biotechnological challenges also hinder progress. Genetically engineered high-

lipid strains often revert to wild-type traits under outdoor conditions, undermining long-

term productivity (Radakovits et al., 2010). While nitrogen starvation boosts lipid 

accumulation, it reduces biomass yields by 40–60%, creating a trade-off between lipid 

content and overall output (Breuer et al., 2012). CRISPR-Cas9 editing, though 

promising, suffers from off-target mutations in 15–20% of microalgae strains, raising 

safety and regulatory concerns (Shin et al., 2016). 

Environmental and regulatory barriers further constrain adoption. Despite using 

non-potable water, open systems lose 3–5 L/m²/day to evaporation, exacerbating water 

scarcity in arid regions (Yang et al., 2011). Strict GMO regulations prohibit outdoor 

cultivation of engineered strains in 78% of countries, limiting biotechnological solutions 

(Qaim, 2016; Rednikova, 2022). Lifecycle assessments reveal marginal energy returns, 

with net-energy ratios (NER) of 0.8–1.5 for algae biodiesel-barely breaking even (Quinn 

et al., 2014). 

Market and infrastructure gaps round out the key challenges. Consumer resistance 

persists, with 62% of Europeans rejecting GMO-derived foods (Rednikova, 2022). The 

lack of large-scale processing facilities (>100 tons/day) and inconsistent policy support 

for carbon credits ($50–100/ton CO₂) further stifle investment (Davis et al., 2024). 

Without breakthroughs in low-energy harvesting, strain stability, and policy incentives, 

algal oil may remain niche despite its theoretical potential. 

Prospects and research directions 

1- Genetic and metabolic engineering breakthroughs 

The future of algal oil lies in precision genome editing and systems biology 

approaches to overcome current limitations. Recent advances in CRISPR-Cas12a 

systems have shown 30% higher editing efficiency in Nannochloropsis compared to 
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traditional CRISPR-Cas9, with reduced off-target effects (Ambily et al., 2025). Synthetic 

biology platforms are enabling the design of modular metabolic pathways, such as the 

introduction of type II fatty acid synthesis from bacteria into Phaeodactylum, boosting 

lipid yields by 45% without growth penalties (Sathesh-Prabu et al., 2019; Orsi et al., 

2021). Emerging multi-omics integration (genomics, proteomics, lipidomics) allows for 

machine learning-driven prediction of optimal strain engineering targets, with recent 

models achieving 92% accuracy in predicting lipid accumulation genes (Sanches et al., 

2024). 

2- Advanced cultivation systems design 

Next generation photobioreactors are incorporating smart materials and Internet of 

Things (IoT) technologies to optimize productivity. 3D-printed hydrogel-based 

reactors with tunable light transmission properties have demonstrated 40% higher 

biomass productivity compared to conventional systems (Getahun et al., 2024). The 

development of "artificial leaf" systems combining semiconductor nanoparticles with 

algal cells has achieved record solar-to-biomass efficiencies of 8.2% (Seo & Oronoz, 

2023). Hybrid cultivation approaches integrating microbial electrosynthesis show 

promise, where Chlamydomonas cultures grown with bioelectrochemical systems achieve 

simultaneous wastewater treatment and lipid production at 2.5× standard rates (Tran et 

al., 2024). 

3- Sustainable extraction and refining technologies 

Novel bio-based solvents derived from lignin are emerging as green alternatives 

to hexane, showing 95% lipid recovery rates while being fully biodegradable (Yang et 

al., 2020). Plasma-assisted extraction techniques can reduce energy consumption by 60% 

compared to conventional methods while maintaining PUFA integrity (Srivastav & 

Karunanithi, 2024). The integration of magnetic nanoparticle-based separation allows 

for continuous lipid harvesting with 99% recovery efficiency (Wang et al., 2015). In 

downstream processing, enzymatic transesterification using immobilized lipases has 

achieved biodiesel conversion rates of 98% at ambient temperatures (Xia et al., 2024). 

4- Circular bioeconomy integration 

Future systems will emphasize complete biomass valorization through cascading 

biorefineries, with recent pilot plants demonstrating the feasibility of co-producing high-

value proteins (60% purity) for aquaculture feed, biodegradable plastics (PHA yields of 

30% DCW), and carbon nanomaterials from residual biomass (Malik et al., 2020), while 

the emerging concept of "algal parks"—where food, energy, and materials industries 

collocate to share resources and infrastructure—is gaining traction and could reduce 

production costs by up to 35% (Lundquist  et al., 2010; Chew et al., 2017). 
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5- Policy and market development strategies 

Emerging carbon pricing mechanisms (>$100/ton CO₂) could make algae biofuels 

competitive by 2030 (Burrington, 2024). The development of algae-specific 

sustainability certification schemes is addressing consumer concerns (ASC-MSC, 2023). 

Government initiatives like the EU Algae Initiative and US Algae Program are 

committing €2.1 billion and $580 million respectively to overcome scale-up barriers 

(Sarker & Kaparaju, 2024; Xu et al., 2024). 

CONCLUSION 

      Algal oil emerges as a scientifically validated, sustainable alternative to 

conventional oils, offering high lipid productivity (20-50 tons/ha/year), minimal land and 

water requirements, and significant carbon sequestration potential (1.5-2.0 kg CO₂/kg 

biomass). Its unique nutritional profile, particularly rich in contaminant-free, bioavailable 

omega-3 fatty acids (200-300 mg DHA/g oil), positions it as a dual-purpose solution for 

food and fuel applications. While current production costs ($3-8/kg) and scalability 

challenges persist due to energy-intensive processing and genetic instability, emerging 

technologies like CRISPR-optimized strains, advanced photobioreactors, and circular 

biorefineries can be considered pathways toward economic viability ($1.50/kg projected 

by 2030) and net-negative emissions. Achieving this will require coordinated advances in 

biotechnology, engineering, and policy to overcome technical and market barriers, 

ensuring algal oil can support global sustainability goals in energy, responsible 

production, and climate action 
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