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			Abstract | Microalgae, due to their high lipid potential, rapid growth rate, and ability to be cultivated without competing with food crops for land, are hailed as among the most promising sources of bioenergy. The production of bioenergy from microalgae is primarily determined by lipid extraction and conversion to fatty acid esters via transesterification. The solvent type and temperature are critical factors that influence extraction efficacy and target selectivity: the physicochemical properties of the solvents dictate which lipids can be targeted, while temperature influences mass transfer rates and the stability of thermally labile compounds. This study discussed the solvent characteristics and temperature conditions affecting algal lipid extraction, emphasizing eco-friendly (green) solvents and modern techniques such as liquefied dimethyl ether, deep eutectic solvents, and supercritical carbon dioxide. It also reviews how approaches such as sonication and microwave irradiation can enhance extraction efficiency, save time, and reduce energy consumption. Moreover, operating parameters such as algal species, moisture content, and pre-treatment that affect the quality of oil obtained from Axenic Chlorella vulgaris and its biofuel conversion efficiency are discussed. The outcome demonstrates that the use of green solvents in combination with novel extraction techniques can significantly accelerate recovery rates, improve process sustainability, and reduce waste disposal costs. However, large-scale industrial methods report challenges in achieving sustainable economic and environmental performance.
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			Introduction

			The lipid-rich content, fast growth rate, and high carbon uptake capacities make microalgae a potential sustainable biofuel source, particularly for biodiesel production (Zhang et al., 2022; Sundaram et al., 2023; Yu et al., 2024). Solvent polarity and temperature play a pivotal role in the efficiency of lipid extraction from microalgae: while polarity necessarily defines selectivity (neutral vs. polar lipids), the extraction rate, together with the quality of extracted fatty acids, is governed by temperature (Wang et al., 2024; Tzima et al., 2023; Siddiqui et al., 2023) Therefore, new methods have been researched such as liquefied dimethyl ether (DME), deep eutectic solvents (DES) and supercritical carbon dioxide ScCO₂ which are environmentally friendly options that research aims to finetune their properties or operating conditions to tap into optimal yield-biofuel quality performance. Similarly, other parameters, such as algal species, moisture content, and pre-treatment, have significant impacts on production (Wang et al., 2024; Tzima et al., 2023; Yu et al., 2024; Siddiqui et al., 2023).

			In this work, we examine the role of these factors as cited in recent studies and illustrated in tables. Additionally, it aims to provide a comprehensive scientific evaluation of the effects of solvent polarity, temperature, and other operating factors on lipid extraction efficiency and lipid conversion to biofuel from microalgae. On the other hand, we emphasize the importance of solvent properties for extraction performance and lipid recovery efficiency with green solvents such as DME, ScCO₂, and DES. It provides also some more clarity on the effect of thermal conditions and advanced extraction techniques (e.g. ultrasound, microwaves, supercritical-fluid extraction) in terms of improving yield and reducing energy and time costs, as well as discussing how oil properties relate to its subsequent conversion efficiency by transesterification and the key technical and economic challenges towards industrial-scale deployment with future perspectives for efficient sustainable processes.”

			Polarity and temperature influence on extraction

			The polarity and temperature of the solvent are key variables influencing lipid recovery from microalgae and the selectivity of isolated compounds. Neutral lipids, including oils and fats from the complex lipid biosynthesis pathways, are more effective with non-polar solvents because they primarily serve as biodiesel feedstock in their triacylglycerol forms. Examples include liquefied DME and supercritical CO₂, which have demonstrated excellent lipid extraction performance without requiring biomass drying before extraction, thereby reducing energy consumption and enhancing process efficiency (Wang et al., ٢٠٢٤; Yu et al., ٢٠٢٤). On the other hand, polar solvents or mixed solvent systems such as DES, or the addition of ethanol to ScCO₂ systems as a co-solvent, can facilitate the extraction of polar compounds (proteins, carbohydrates, phospholipids), allowing for the separation of a wider range of high-value biocompounds from algal biomass Table ١. Provide examples of some selected microalgal species and the optimal extraction conditions. This table summarizes the main extraction methods applied to some algal species to maximize value-added lipid or biopolymer recovery and to demonstrate how operating conditions influence both yield and product quality. The first column, Algal species, lists the organisms studied, including Chlorella vulgaris, Botryococcus braunii, Nannochloropsis sp. and Kappaphycus alvarezii, known for high carbohydrate-based biopolymer (carrageenan) accumulations. The Solvent/technique column describes the use of relatively “green” solvents and processes, including supercritical carbon dioxide with ethanol as co‐solvent, liquefied dimethyl ether, various organic/green solvents, and DES based on choline chloride with glycerol or urea. The temperature and other conditions columns indicate that extraction performance is largely parameter-driven. Under these conditions, Chlorella vulgaris has been shown to produce the highest yield of lutein from supercritical CO₂ with ethanol at upper-moderate temperatures (٦٠–٨٠ °C) under high pressure (٢٠–٥٠ MPa). For Botryococcus braunii, liquefied dimethyl ether at near-ambient pressure and high biomass moisture content yields high oil content and high fuel quality without extensive drying. Table ١ illustrates the use of different organic/green solvents for triacylglycerol accumulation in Nannochloropsis sp. The use of DES (ChCl+Gly/Urea) at ٨٥ °C, along with water up to ١٠٪, in Kappaphycus alvarezii yields around ٦٠٪ carrageenan. Lastly, the Main lipid/yield outcomes column shows that different types of solvents, extraction methods, and temperature/pressure/moisture content push the process from biomass to target products (e.g., carotenoids such as lutein, high-quality oils for biofuel applications, and/or polymers such as carrageenan). Altogether, the table highlights that green-solvent-based extraction technologies represent promising alternatives to traditional organic solvents in algal biorefinery value chains (Tzima et al., ٢٠٢٣; Liu et al., ٢٠٢٣; Siddiqui et al., ٢٠٢٣).

			The extraction rate is directly affected by temperature, as it enhances mass transfer and increases the solubility of target compounds; however, this effect is not always linear: high temperatures can degrade 

			Table 1: Microalgal species considered and their suitable extraction conditions.

			
				
					
					
					
					
					
					
				
				
					
							
							Algal species

						
							
							Solvent/technique

						
							
							Temperature (°C)

						
							
							Other conditions

						
							
							Main lipid/yield outcomes

						
							
							References

						
					

					
							
							Chlorella vulgaris

						
							
							ScCO₂ + ethanol

						
							
							60–80

						
							
							Pressure: 20–50 MPa

						
							
							Highest lutein yield at intermediate T, high P

						
							
							Yu et al. (2024)

						
					

					
							
							Botryococcus braunii

						
							
							Liquefied DME

						
							
							Near ambient

						
							
							High moisture content

						
							
							High oil yield and high-quality fuel

						
							
							Wang et al. (2024)

						
					

					
							
							Nannochloropsis sp.

						
							
							Organic/green solvents

						
							
							Variable

						
							
							–

						
							
							High triacylglycerol accumulation

						
							
							Ye et al. (2024)

						
					

					
							
							Kappaphycus alvarezii

						
							
							DES (ChCl+Gly/Urea)

						
							
							85

						
							
							Water addition up to 10%

						
							
							Carrageenan yields up to 60%

						
							
							Liu et al. (2023)

						
					

				
			

			Table 2: A claims–evidence statement with key points.

			
				
					
					
					
				
				
					
							
							Claims

						
							
							Evidence

						
							
							Supporting studies

						
					

					
							
							Solvent polarity significantly affects the selectivity and efficiency of lipid extraction..

						
							
							This has been experimentally demonstrated using several modern, green solvents and techniques.

						
							
							(Wang et al., 2024; Tzima et al., 2023; Yu et al., 2024)

						
					

					
							
							Raising the temperature increases yield up to a certain point, after which it may cause the degradation of sensitive compounds..

						
							
							This non-linear relationship has been experimentally proven in SFE/UAE/DES.

						
							
							(Yu et al., 2024; Pinto et al., 2023)

						
					

					
							
							DME, DES, and ScCO₂ technologies are more sustainable and environmentally safer than traditional methods

						
							
							Multiple reviews and reports confirm reduced toxicity and energy efficiency.

						
							
							(Wang et al., 2024; Tzima et al., 2023)

						
					

					
							
							Combining ultrasonic or microwave energy improves yield and reduces time.

						
							
							This has been practically proven in several studies.

						
							
							(Pinto et al., 2023; Pajot et al., 2022)

						
					

					
							
							Some species, such as Botryococcus braunii, produce much higher oil yields..

						
							
							This has been experimentally proven, but it depends on the growing and processing conditions.

						
							
							(Wang et al., 2024)

						
					

					
							
							High-viscosity DES may hinder large-scale industrial processes..

						
							
							Practical problems have been observed in some applications.

						
							
							(Tzima et al., 2023)

						
					

				
			

			thermally sensitive compounds, e.g., unsaturated fatty acids or some bioactive proteins. Consequently, the choice of an optimal temperature is crucial for achieving enhanced extraction efficiency while maintaining compound quality (Yu et al., 2024; Pinto et al., 2023). 

			Modern extraction and conversion techniques

			Due to the need for high-efficiency processes with lower energy and solvent consumption, lipid extraction methods from microalgae have advanced significantly, with modern techniques introduced. Ultrasound-assisted and microwave-assisted extraction are two of the most publicised methods that can disrupt algal cell walls and improve mixing, thereby increasing lipid recovery while simultaneously decreasing processing times (which also protects thermally labile compounds at moderate temperatures) (Pinto et al., 2023; Pajot et al., 2022). One of the most sophisticated (Yu et al., 2024) methods that enables fine control of pressure and temperature with co-solvents to obtain selective extractions of bioactive molecules with high efficiency is supercritical fluid extraction, especially ScCO₂. Deep eutectic solvents (DES) have become a new class of tunable green solvents, whose physicochemical properties are shaped to the nature of the target compounds (lipids, carbohydrates, proteins). Their low toxicity and reusability make them appealing candidates for sustainable extraction processes (Tzima et al., 2023; Liu et al., 2023).

			Discussion

			Newly published studies have demonstrated that the type of solvent and thermal operating conditions strongly influence the amount and quality of extracted lipids, as well as their suitability for conversion into high-quality biofuel. When comparing the two methods, DME, DES, and ScCO₂-based green technologies can be a more environmentally friendly and safer alternative to traditional organic solvents, given their often toxic and energy-intensive properties. Using intensification methods such as ultrasound or microwaves is indicated to enhance the extraction yield further. It shortens processing time while maintaining end product quality. Nevertheless, issues persist, including the high viscosity of certain green solvents (particularly DES), recycling challenges, and the need for meticulous process control to prevent degradation of thermally sensitive compounds or loss of desired properties. Oil characteristics depend on algal species, cultivation, and pre-treatment conditions. Table 2 provides a claims–evidence summary of key points.

			Conclusion

			The type of solvent employed and the operational temperature would strongly influence not only microalgal lipid extraction efficiency but also selectivity in biocompound recovery, according to recent investigations. Neutral lipid extraction with non-polar solvents such as DME and ScCO₂ is also very efficient, while additional high-value biomolecules can be recovered using polar solvents or mixed solvent systems. Precise temperature control may facilitate mass transfer and allow the extraction of higher amounts without degrading thermally labile compounds. The growing field of emerging techniques such as ultrasound-assisted extraction, microwave-assisted extraction, supercritical-fluid extraction, and DES-based systems offers major opportunities to improve extraction efficiency and mitigate environmental impacts; however, industrial implementation is still limited by operating costs and process design complexity. The development of integrated strategies combining green solvents with extraction-intensification techniques has emerged as a promising pathway to economically viable, sustainable biofuel production from microalgae.
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Abstract | Microalgae, due to their high lipid potential, rapid growth rate, and ability to be cultivated without
competing with food crops for land, are hailed as among the most promising sources of bioenergy. The pro-
duction of bioenergy from microalgae is primarily determined by lipid extraction and conversion to fatty acid
esters via transesterification. The solvent type and temperature are critical factors that influence extraction
efficacy and target selectivity: the physicochemical properties of the solvents dictate which lipids can be tar-
geted, while temperature influences mass transfer rates and the stability of thermally labile compounds. This
study discussed the solvent characteristics and temperature conditions affecting algal lipid extraction, empha-
sizing eco-friendly (green) solvents and modern techniques such as liquefied dimethyl ether, deep eutectic
solvents, and supercritical carbon dioxide. It also reviews how approaches such as sonication and microwave
irradiation can enhance extraction efficiency, save time, and reduce energy consumption. Moreover, operating
parameters such as algal species, moisture content, and pre-treatment that affect the quality of oil obtained
from Axenic Chlorella vulgaris and its biofuel conversion efficiency are discussed. The outcome demonstrates
that the use of green solvents in combination with novel extraction techniques can significantly accelerate
recovery rates, improve process sustainability, and reduce waste disposal costs. However, large-scale industrial
methods report challenges in achieving sustainable economic and environmental performance.
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