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Abstract

:

The world climate crisis has triggered the search for renewable energy sources. Oleaginous yeasts are a potential renewable source of biofuels. However, the yeast-derived biofuels cost is still non-competitive with the fossil fuel prices. To improve the sustainability of yeast-derived biofuels, it is necessary to valorize all yeast biomass fractions, an approach based on the biorefinery concept. This review describes the present situation of the oleaginous yeast biorefinery research, emphasizing the feedstock, processes and techniques involved in this concept, as well as on potential bioproducts that can be obtained from oleaginous yeast biomass.
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1. Introduction


The increase in the world population has increased the energy demand required to respond to the population’s needs. Fossil fuels currently supply about 80% of the world’s energy. However, this energy source is non-renewable, and the reserves are diminishing. In addition, fossil fuel combustion increases greenhouse gases emissions and the emission of other pollutants, negatively affecting the climate and human health. Also, the geopolitical contexts concerning the main fossil fuel producers generate instability and uncertainty around the world.



Replacing fossil fuels with clean and renewable forms of energy is vital to ensure the sustainability, safety and health of future generations.



Microorganisms have been used as a source of biofuels and bioproducts that are useful for humanity. However, it is well known that the use of microorganisms as source of biofuels is still not economically sustainable as its price remains higher than the price of fossil fuels.



Biorefineries are described as “the sustainable processing of biomass into a spectrum of marketable products (food, feed, materials, chemicals) and energy (fuels, power, heat)” [1].



Therefore, a holistic view of biofuels and bio-compounds production from microbes, based on the biorefinery concept, is urgently needed in order to achieve sustainable biofuels and bioproducts by taking advantage of all microbial biomass fractions and products synthesized by the microorganisms. This may boost the value and profit obtained from the process while also achieving a desired minimum environmental impact. In this way, the economics of the process is enhanced.



In recent years, autotrophic microalgae biorefineries have been intensively studied [2,3,4]. These microorganisms produce various macromolecules that have many applications in industry, including proteins, carbohydrates, pigments, polyunsaturated fatty acids, peptides, exo-polysaccharides (EPS), etc.; these macromolecules may be co-extracted during processing [5]. Autotrophic microalgae need light as an energy source and carbon dioxide (CO2) as carbon source to grow. Due to their capacity to fix carbon dioxide (CO2), these microorganisms contribute to the reduction of greenhouse gas (GHG) emissions. However, the light-dependency of the microalgal cultivations requires expensive and specific equipment design, increasing the process costs at large-scale. In addition, when using low-cost feedstock, such as industrial effluents and waste streams, as substrates for microalgal growth, with these materials usually containing particles and dust, light penetration is hampered due to the shading effect, resulting in low biomass production, leading to low amounts of intracellular products. Moreover, autotrophic microalgae cultivation technology, being light and temperature dependent, is not suitable in areas of high latitude, where most seasons are marked by low temperatures and low insolation (such as in Northern Europe and North America).



Unlike autotrophic microalgae, heterotrophic microorganisms need organic compounds such as carbon as an energy source to grow, and do not require light as an energy source; this reduces the equipment requirements costs. In addition, they grow in conventional bioreactors that are easily scaled-up, and are operated under strictly controlled conditions, which reduces the chance of contamination. Importantly, heterotrophic cultures can attain high cell densities and product productivities and are more efficient in consuming organic carbon, nitrogen and phosphorous compounds than autotrophic cultures [6].



Yeasts are single-cell fungi that grow heterotrophically; they are widely distributed in soil, light water, marine environments and the surface and bodies of various organisms. These microorganisms preferentially metabolize sugars as carbon sources, but they can also utilize a wide range of carbon sources, including amino and organic acids, polyols, alcohols, fatty acids and other compounds, depending on the species. They are resistant to acidic environments, high osmotic pressure and temperature and show high metabolic efficiency. As a result, they can adapt to a variety of adverse environments, making them versatile microorganisms.



Oleaginous microorganisms, also called single cell oils (SCO), can accumulate, intracellularly, more than 20% of their dry weight; as such, they are considered promising microbial platforms for sustainable bio-compounds and biofuels. Compared to other oleaginous microorganisms, such as filamentous fungus and microalgae, yeast show more desirable characteristics because yeast cells are unicellular and may display high growth rates and high cellular lipid content [7]. Unlike autotrophic microalgae, yeast cultivation does not require land use change and does not compete with any agricultural activity. They can utilize low-cost substrates such as industrial effluents, wastes and residues to produce triglycerides (TAGs) [8,9], which are chemically equivalent to oils produced from edible crops, making them alternative edible oils for food industry, as well as substrates used in synthesis of the oleochemicals such as fuels, soaps, plastics, paints, detergents, textiles, rubber, surfactants, lubricants, additives for the food and cosmetic industry and many other chemicals [9]. Like oleaginous microalgae, oleaginous yeast can grow on low-cost substrates, such as industrial effluents and byproducts, producing intracellular products including carbohydrates, proteins, lipids and pigments with commercial interest. There are several studies describing lipid production from oleaginous yeasts for biofuels [10,11,12]. However, there is still little information on the potential of oleaginous yeast biomass biorefining as an integrated process that uses low-cost feedstock to obtain a wide range of valuable bioproducts with significant commercial interest.



The present review describes the recent advances reported in the literature on oleaginous yeast biomass biorefineries, highlighting the advantage of using an integrated process that uses low-cost feedstock to produce sustainable biofuels and bio-compounds from these microorganisms. The starting step for yeast biomass production is yeast cultivation, with this process functioning as the feedstock selection for the yeast growth, which is crucial for the economic and environmental sustainability of the whole process. Potential feedstocks for yeast growth will be reported, as well as strategies to improve yeast biomass, techniques to extract and separate the various biomass fractions and products and the final bioproducts resulting from this biorefinery strategy. The yeast oil production via de novo and ex novo pathways are also explained.




2. Low-Cost Feedstock for Oleaginous Yeast Production


Oleaginous yeasts are characterized by accumulating more than 20% of their dry cell (DCW) weight as lipids. Among more than 600 known yeasts species, only 30 show this characteristic. Several of the more promising yeasts in terms of lipid production belong to the genera Yarrowia, Candida, Rhodotorula, Rhodosporidium, Cryptococcus, Trichosporon and Lipomyces; the most studied oleaginous species are Y. lipolytica, L. starkey, R. toruloides, Rhodotorula glutinis, Trichosporon fermentans and Cryptococcus curvatus [13] (Table 1).



The type of substrates used to grow the yeasts contribute to the overall costs and the environmental impact of the process. It is desirable to use low-cost feedstock such as industrial byproducts, wastes or lignocellulosic materials. Different types of feedstocks have been used to grow oleaginous yeast. However, glucose remains the most used substrate to grow these microorganisms despite being an expensive carbon source, which increases the costs of the overall process [14]. Therefore, efforts must be made to find low-cost substrates for yeast lipid production and improve the conversion efficiently of these substrates into intracellular lipids.



This section describes the low-cost feedstocks that have been successfully used to cultivate oleaginous yeasts and includes the yeast bioproducts that were produced for each case. Substrates, strains, processes and products obtained from oleaginous yeast found in the literature are shown in Table 1.



2.1. Wastewater


Nowadays, biological wastewater (WW) treatment is well accepted as it is considered to be more environmentally friendly and cost effective than chemical treatments. The use of oleaginous yeasts in biological treatment of wastewater is very attractive when compared to traditional aerobic and anaerobic digestion technologies, which require highly sophisticated and expensive systems such as up-flow anaerobic sludge blanket digestion or expanded granular sludge bed digestion [15].



There are several oleaginous yeast strains that can grow in different types of WW. For instance, Trichosporon cutaneum ACCC 20271 was able to grow on cellulosic ethanol fermentation WW containing glucose, xylose, acetic acid, ethanol and part of the phenolic compounds. When grown in a 3-L bioreactor, COD (chemical oxygen demand) was reduced by 55.1%, and the yeast cells produced 13.3% (w/w) of lipid content, corresponding to 2.16 g/L of lipids and 16.7 mg/Lh of lipid productivity [16].



Other WW types have also been used to grow oleaginous yeasts. WW resulted from butanol fermentation with high COD content, containing acetic and butyric acids and residual sugars as xylose and arabinose. This was used to produce intracellular lipids by the oleaginous Trichosporon dermatis [17]. After five days of cultivation, the COD removal rate was notably high (68%), while the yeast biomass and lipid concentration attained 7.4 g/L and 13.5% (w/w), respectively.



Schneider et al. [18] used brewery wastewater (BWW) as a medium culture to produce lipids and carotenoids from the yeast Rhodotorula glutinis ATCC 15125. The collected BWW displayed large amounts of sugars (mainly maltose). However, since this strain did not consume maltose, the yeast growth was limited by carbon, resulting in low biomass concentration (<6 g/L) and lipid content (<12% w/w). Despite this, a slight increase in these parameters was observed when the BWW was supplemented with glucose.



Nevertheless, carotenoids were synthesized in all experiments, reaching 1.2 mg/L, with a high proportion of β-carotene (50%).



Liu et al. [19] used potato starch WW supplemented with glucose (120 g/L) and ammonium sulphate (3 g/L) as a growth medium. Even so, the yeast culture only attained 2.3 g/L and 8.9% (w/w) of biomass and lipid content, respectively.



From the above studies, it was concluded that the lipid content of oleaginous yeasts is usually low (<20% w/w) when grown in WW (Table 1). This might be due to the presence of inhibitor compounds in the WW, or because WW does not contain the nutrients or the proportion of nutrients required for yeast growth. However, the medium supplementation increases its cost, particularly if the supplements are expensive carbon and nitrogen sources such as glucose or ammonium sulphate. Therefore, low-cost supplements must be added to the WW, such as industrial byproducts or wastes. Indeed, [20] Dias et al. attained higher lipid content using secondary brewery wastewater (SBWW) supplemented with sugarcane molasses (SCM) and urea (a low-cost nitrogen source) to grow the red yeast Rhodosporidium toruloides NCYC 921. Previously, the authors observed that the yeast did not grow on SBWW without carbon and nitrogen supplements. After SCM and urea supplementation, the yeast achieved a maximum lipid content of 29.9% w/w (DCW) at t = 94 h of cultivation, and the maximum carotenoid of 0.23 mg/g at 120 h of cultivation. As WW can provide some nutrients for microbial growth, the WW biological treatments may be considered a production step rather than a simple bioremediation process.




2.2. Agri-Food Industry Wastes


The agri-food industry produces large amounts of waste and residues. Its sustainability depends on the efficient management of these residues, aiming towards their valorization. This strategy represents a method for converting low-value feedstock into high value products, addressing one of the main goals of the circular economy: reduction of waste by recycling.



Sugarcane is used for sugar production. Molasses is the main byproduct from the sugar industry, and primarily contains sucrose, with smaller amounts of other sugars, proteins, minerals, vitamins, amino acids and antioxidants [21,22]. It has been successfully used as carbon source in media formulations for oleaginous yeasts growth in several studies. Lakshmidevi et al. [22] studied the growth of two yeast strains, Rhodosporodium toruloides and Rhodotorula glutinis, grown on glucose yeast extract mineral medium (GYM) and molasses medium for comparison purposes. While the lipid content was higher when the two yeasts were grown on the molasses medium, the carotenoid content was higher when the yeasts were grown on GYM (Table 1). Boviatsi et al. [23] reported a lipid content and a concentration of 65.1% (w/w) and 25 g/L, respectively, when R. toruloides NRRL Y-27912 was grown in a fed-batch bioreactor containing a culture medium supplemented with molasses and trace elements. Saysrioot et al. [24] observed that the yeast R. opacus PD630 grew on sugarcane blackstrap molasses at concentrations of up to 100 g/L without inhibition. The optimal concentration of molasses for the batch fermentation was 80 g/L, with ammonium acetate at 2.25 g/L used as the nitrogen source. The biomass concentration was 12 g/L, with nearly 30% w/w lipids in the biomass. The authors concluded that sugarcane molasses were effective feedstocks that could be used to replace expensive pure carbon sources, such as sucrose and glucose, to obtain microbial lipids from R. opacus PD630.



Waste from the food industry has also been used as feedstock for oleaginous yeast growth. The yeast Rhododporidium azoricus DBVPG 4620 was cultivated on pumpkin peel wastes hydrolysate without the addition of nutrients. To enhance the lipid accumulation, a two-stage process was performed in a 2L-bioreactor, using, in a sequential way, an addition food waste, a syrup derived from candied fruits manufacture, rich in available sugars, without any pre-treatment. The yeast culture achieved 0.45 g/L biomass with 55% of lipids, and a lipid concentration and productivity of 24 g/L and 0.26 g/Lh, respectively [25].



Whey permeate was also used to produce microbial lipids by the yeast Apiotrichum curvatum (synonym Cryptococcus curvatus), reporting a lipid content and productivity of 50% (w/w) and 2 g/Lh, respectively, in a partial recycling culture [26].



Half of the total global biomass on the planet is composed of lignocellulosic biomass. This has been considered as a possible feedstock for biofuels production from microorganisms since it is abundant and not food competitive. Cellulose, hemicellulose and lignin, at various proportions, are the main polymers that compose the lignocellulosic biomass. The first two are composed of sugar polymers, which may be converted to sugar monomers such as glucose and xylose after a hydrolysis reaction step.



However, before the hydrolysis step, a pretreatment is required to improve the sugar extraction yield. Several pretreatments have been applied to lignocellulosic biomass such as microwave irradiation, ultrasound, steam explosion, organosolv lignin extraction, sulfuric acid, etc.. Solid-state fermentation using the yeast Yarrowia lipolytica W29 was conducted on a mixture of sunflower and olive cakes (50% w/w) previously subjected to biological, ultrasound and microwave pretreatments for the purpose of lipase production. Increases of 44% and 17% in the yeast biomass and lipase production, respectively, were observed when the yeast was cultivated on the lignocellulosic mixture previously subjected to microwave treatment, demonstrating that this method was the most efficient [27].



However, the pretreatment step also generates degradation products, i.e., phenolics, organic acids and furan-based compounds, that may be toxic for microbial cells. For instance, the seeds of the carob tree (Ceratonia siliqua) are widely used to produce gum, which is used in the food industry for candy production, representing 12% of the total world market [28]. The remaining pulp, a byproduct, contains a low proportion of protein but high proportions of glucose, fructose and sucrose, which can be easily extracted as syrups that can be further used as carbon source in culture media for microbial growth [29]. Martins et al. [30] reported that diluted carob pulp syrup (CPS), containing 195.6 g/L of total sugars, also contained 4.1 g/L and 0.7 g/L of hydroxymethyl furfural (HMF) and furfural, respectively, while concentrated CPS with 548.7 g/L of total sugars contained 17.7 g/L of HMF and 1.2 g/L of furfural, respectively. The authors monitored R. toruloides NCYC 921 cell viability during the yeast cultivation in diluted and concentrated CPS and found that more that 42% of metabolically active cells (healthy cells, with intact cell membrane and enzymatic activity) were detected throughout the course of the yeast cultivation on diluted CPS. On the contrary, the proportion of healthy cells was always below 28% during the yeast cultivation on concentrated CPS. These results suggested that the phenolic compounds or the high sugar concentration (by osmotic stress) could be responsible for the reduction in the proportion of heathy cells. Nevertheless, the authors reported a maximum carotenoid content and productivity of 0.42 mg/g and 0.43 mg/Lh, respectively, at the concentration of 548.7 g/L of total sugars in the CPS (Table 1). This study emphasizes the importance of monitoring the proportion of damaged/healthy cells during any bioprocess development, as these cells are unable to participate in the biotransformation, thereby reducing the process yield.



Despite the presence of inhibitor compounds in the lignocellulosic hydrolysates, it is expensive to detoxify them. Francisco et al. [31] used non-detoxified Eucalyptus bark hydrolysate supplemented with corn steep liquor (CSL) to grow the yeast Ashbya gossypii, reporting a lipid content and productivity of 11% (w/w) and 0.03 g/Lh, respectively.



Shaigani et al. [32] used different lignocellulosic substrates as wheat straw hydrolysate and brown macroalgae cells hydrolysate to grow R. toruloides, T. asahii, R. mucilaginosa C. oleaginosus and R. glutinis. The highest biomass and lipids yields were observed for C. oleaginosus. When this yeast was grown on brown algae and wheat straw hydrolysates, 3.8 g/L (19.0% w/w) and 7.5 g/L (42% w/w) of lipid concentration/content were observed, respectively. Glucose, xylose and mannitol were readily consumed by C. oleaginosus and R. toruloides. A positive effect on the yeast growth rates was observed when CSL was added to the culture medium containing straw hydrolysate, used as source of nitrogen. Brandenburg et al. [33] also tested 29 oleaginous yeast strains for their ability to utilize glucose and xylose, the main sugars present in wheat straw hydrolysate. The sugar consumption and lipid accumulation, in terms of xylose utilization capacity, was different among all the strains. Undiluted wheat straw hydrolysate (WSH) was used as carbon source and added to the culture medium used to grow five strains from the species Rhodotorula toruloides, Lipomyces starkeyi, Rhodotorula babjevae and Rhodotorula glutinis. Despite showing different performances, all the strains grew on undiluted WSH. The strain that showed the highest lipid content was R. babjevae DVBPG 8058, achieving 28 g/L biomass concentration and 64.8% (w/w) of lipid content, corresponding to a lipid concentration of 18.1 g/L. The authors conclude that this microorganism could synthesize lipids using the main carbon sources present in WSH (glucose, acetate and xylose).




2.3. Crude Glycerol


The biodiesel industry generates raw glycerol as byproduct. Its discharge in the environment is a serious threat [33]. In addition, crude glycerol recovery and purification from the industrial biodiesel process is expensive. Previously, only pure glycerol was used as the carbon source in media formulations, since the impurities present in crude glycerol (methanol, ethanol, salts, metals and soaps) can inhibit the growth of some microorganisms [34,35]. However, purification of crude glycerol is a difficult task; hence, its utilization without any treatment is a value-added approach. In addition, the biological conversion of glycerol impurities is a viable way to enhance the economics of the overall process. Indeed, the utilization of crude glycerol has many advantages in microbial fermentations, without the requirement for any purification step. Low-cost, greater degree of reduction, higher availability and less CO2 emitted during the fermentations are advantages of the crude glycerol when used as carbon source for microbial growth when compared to sugars. In addition, glycerol shows a higher NADH generation rate and degree of reduction [36]. Strains from the genera Trichosporonoides, Rhodosporidium, Candida, Rhodotorula, Lipomyces, Schizosaccharomyces, Yarrowia and Cryptococcus can grow on glycerol [36,37] but other genera have been used. Kumar et al. [38] used the yeast Pichia guilliermondii to grow on a medium containing crude glycerol, CSL and mineral salt. Polburee et al. [39] studied 23 oleaginous yeast strains grown on a complex medium containing crude glycerol in shaking flasks. The ascomycetous species Pichia manshurica, Kodamaea ohmeri, Candida silvae and Meyerozyma caribbica, and the basidiomycetous species Rhodotorula taiwanensis, Sporidiobolus ruineniae, Cryptococcus laurentii, Cryptococcus cf. podzolicus and Rhodosporidium fluviale, displayed at least 20% (w/w) lipid content. The yeast strain that achieved the highest lipid content was Rhodosporidium fluviale DMKU-RK253, with 65.2% w/w, corresponding to a lipid concentration of 3.9 g/L (Table 1).




2.4. Hydrophobic Wastes


Hydrophobic wastes, such as volatile fatty acids (VFAs), are obtained during anaerobic fermentation (AF), a simple method that transforms organic wastes into a digestate containing organic acid compounds of carbon length C3–C5, which can be used as carbon source for yeast lipid production [36,40]. The use of these organic acids as carbon source for the yeast growth may be a sustainable strategy for the concomitant waste treatment and yeast lipid production because it might improve the overall process from the economic and environmental point of view. In addition, economic studies demonstrated that VFAs obtained from the AF of food wastes cost 27.6 EUR/ton, less than 10% of the price of 1 ton of glucose [41]. Furthermore, when compared to hexoses carbon sources metabolism, VFAs show higher theoretical conversion efficiencies and shorter metabolic pathways to lipid production [42]. Therefore, VFAs are considered to be a promising alternative carbon source for microbial lipids production. Some oleaginous yeast strains such as Yarrowia lipolytica, Cryptococcus curvatus and Cryptococcus albidus can grow on VFAs [41]. Acidic conditions are commonly adopted to grow oleaginous yeast on VFAs because they are favorable to yeast cultivation. However, under an acidic pH environment, VFAs are largely in the undissociated form, which is toxic for microbial cells [43]. To overcome this limitation, Gao et al. [42] used alkaline conditions to grow Yarrowia lipolytica on food wastes and fruit and vegetables wastes after AF at pH = 6.0, 7.0 and 8.0, in order to alleviate the severe inhibition resulting from the presence of high-content VFAs. The highest biomass and lipid production was achieved on FVW fermentate, at pH 8 (11.84 g/L and 3.08 g/L, respectively), with a lipid content of 26.02% (w/w). In addition, Llamas et al. [39] studied the growth of five yeast strains (Cutaneotrichosporon curvatum NRRL-Y-1511, Lipomyces lipofer NRRL-Y-11555, Rhodotorula (Rhodosporidium) toruloides NRRL-Y-27012, Cyberlindnera (Williopsis) saturnus NRRL-Y-17396 and Yarrowia lipolytica ACA DC 5010) in VFAs-rich digestate of Chlorella vulgaris biomass at three different VFAs concentrations. At pH 6.5., C. curvatum showed the highest lipid production (36.9% w/w), with a lipid yield of 0.11 g/g of VFAs, similar to the yield obtained with sugar-based media.





 





Table 1. Substrates, strains, processes and products obtained from oleaginous yeast.
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	Substrate
	Yeast Strain
	System
	Cultivation Mode
	Lipid Content

(% w/w)/Lipid Productivity

g/Lh
	Other Yeast Products
	Waste Treatment (% COD Removal)
	Reference





	Cellulosic Ethanol fermentation WW
	Trichosporon cutaneum ACCC 20271
	3L-bioreactor
	Batch
	13.3/

0.018
	-
	55.05
	[16]



	Butanol fermentation WW
	Trichosporon dermatis CH007
	250 mL conical flak
	Batch
	13.5/

0.008
	-
	68
	[17]



	Brewery WW+Glucose
	Rhodotorula glutinis ATCC 15125
	1L-Erlenmeyer
	Batch
	11.0/

0.008
	Carotenoids:

0.13 mg/g/

0.0071 m/Lh
	-
	[18]



	Potato starch WW+glucose+NH4(SO4)2
	Lipomyces starkeyi GIM2.142
	Shake Flask
	Batch
	8.9/

0.0015
	-
	-
	[19]



	Secundary brewery WW+ SCM+urea
	Rhodosporidium toruloides NCYC 921
	7L-bioreactor
	Fed-batch
	29.9/

0.14
	Carotenoids:

0.23 mg/g/

87 µg/Lh
	81.7
	[20]



	SCM+YE+(NH4)2SO4+KH2PO4+MgSO4
	Rhodotorula glutinis

and

Rhodosporodium toruloides
	250 mL

Erlenmeyer
	Batch
	42.80

0.03



47.70

0.04
	Carotenoids:

0.045 % (w/w)

0.015 mg/Lh



0.007 %(w/w)

0.006 mg/Lh
	
	[22]



	SCM + yeast extract+ NH4(SO4)2
	R. toruloides
	1L-bioreactor
	Fed-batch
	61/

0.25
	-
	-
	[23]



	Mineral salts medium+trace elements+ SCM+Ammonium acetate
	Rhodococcus opacus PD630 (DSM 44193)
	250 mL-Elrlemeyer
	Batch
	30/

0.023
	-
	-
	[24]



	Pumpkin peel wastes hydrolysate+syrup from candied fruits

manufacture
	Rhodosporidium azoricus DBVPG 4620
	2L-bioreactor
	Fed-batch
	55/

0.26
	-
	-
	[25]



	Whey permate+semi-defined medium
	Apiotrichum curvatum ATCC 20509
	2L-bioreactor
	Fed-batch
	33/

1
	-
	-
	[26]



	Carob pulp syrup+semi-defined medium
	Rhodosporidium toruloides NCYC 921
	7L-bioreactor
	Fed-batch
	11.8/

0.10
	Carotenoids:

0.42 mg/g/

0.43 mg/Lh
	-
	[30]



	Non-detoxified Eucalyptus bark hydrolysate+CSL
	Ashbya gossypii A877
	2L-bioreactor
	Batch
	11/

0.03
	-
	-
	[31]



	Brown macroalgae hydrolysate+CSL



Wheat straw hydrolysate+CSL
	Cutaneotrichosporon oleaginosus ATCC

20,509 (DSM-11815)
	500 mL-Flasks
	Batch
	42/

0.039



19
	
	
	[32]



	Wheat straw hydrolysate+YNB
	R. babjevae DVBPG 8058
	500 mL-bioreactor
	Batch
	64.8
	-
	-
	[33]



	Crude glycerol+CLS+Mineral medium
	P. guillierrmondii sp.
	14L-bioreactor
	Batch
	52.08/

0.11
	Lipids;

Extracellular bioemulsifier;

Leftover biomass containing 24.6% and 44.2% of protein and carbohydrate, respectively, for feed.
	-
	[38]



	Crude glycerol+ complex medium
	Rhodosporidium fluviale DMKU-RK253
	250-Erlemmeyr
	Batch
	65.2/

0.032
	-
	-
	[39]



	VFAs-Volatile Fatty Acids rich digestate of Chlorella vulgaris biomass + Na2HPO4 + KH2PO4
	Cutaneotrichosporum curvatum NRRL-Y-1511
	250 mL-Erlenmeyer
	Batch
	36.9/

0.0004
	-
	-
	[40]



	Volatile fatty acids
	Yarrowia lipolytica CICC 31596
	1.5 L anaerobic reactor
	Batch
	26.2/

0.017
	-
	-
	[41]










3. Lipid Production by Oleaginous Yeasts


Lipids produced by yeasts are complex molecules such as free fatty acids (FFA), sterols, polyprenols, phospholipids, glycolipids, sphingolipids, mono-, di-, tri-acylglycerols and carotenoids. However, not all of these molecules are present in all oleaginous yeast species. The major lipid compounds present in yeasts are triacylglycerols, while mono-, di-acylglycerols, FFA, steryl esters and carotenoids are present in lower proportions [44]. The de novo TAGs synthesis occurs whenever the yeast cells are exposed to carbon excess conditions, as well as to the depletion of a specific nutrient (usually nitrogen). Under these circumstances, cells canalize the excess carbon towards lipid synthesis instead of cell division. In addition, under nitrogen limiting conditions, the concentration of adenosine monophosphate (AMP) is decreased due to its cleavage by AMP-deaminase and NAD+-isocitrate dehydrogenase (NAD+-ICDH) inhibition, resulting in the accumulation of citrate in the mitochondria. Citrate is then transferred to the cytoplasm where it is hydrolyzed by the enzyme ATP-citrate lyase (ACL), considered the key for the lipid synthesis in oleaginous microorganisms [45]. In the fatty acid synthase complex (FAS), the acetyl-CoA is used for de novo fatty acids synthesis; the resulting products (palmitoyl-CoA, and stearoyl-CoA) are transferred to the endoplasmic reticulum, in which they are converted into triacylglycerols (TAGs) or, through NADPH-dependent desaturation and or/an elongation, before being used for TAGs synthesis through the Kennedy pathway, to produce lysophosphatidic acid (LPA), phosphatidic acid (PA) and diacylglycerol (DAG). Lastly, the TAGs are intracellularly stored as lipid droplets. According to Ratledge [46], the NADPH requested for lipid production in oleaginous microbes is provided in several ways, such as NADP+, the oxidative pentose phosphate pathway and the malic enzyme.



When fats or other hydrophobic compounds are used as the sole carbon and energy source, ex novo lipid synthesis occurs. Typically, these substrates are fatty acids (FA) and TAG, which may be used as an energy source or modified by enzymes [47]. The free fatty acids (FFA) available as a substrate or resulting from a lipase-catalyzed hydrolysis of the TAGs are transported, by active transport, into the cells, wherein they are assimilated for growth or are accumulated as lipid droplets [48]. It should be noted that, when the yeast cells synthesize ex novo lipids, lower quantities of TAGs are obtained when compared with the de novo yeast lipid synthesis based on sugar-based substrates [49].




4. Oleaginous Yeast Biorefinery


A microbial biorefinery starts with the biomass production by fermentation. The yeast biomass will be further processed to obtain a wide range of bioproducts (Figure 1):



4.1. Yeast Cultivation Modes


There are several different modes to produce lipids from yeasts. The review of Karamerou and Webb [50] presented a complete description of all the cultivation modes that can be used to grow oleaginous yeasts, explaining the advantages and drawbacks of each one, i.e., the batch mode, fed-batch cultivation, fed-batch cultivation with pulse medium addition, fed-batch cultivation with continuous medium supply, continuous cultivation, repeated batch, two-stage batch cultivation and two-stage cultivation with feed supply. The authors conclude that, among all these cultivation modes, the two-stage cultivation is the most efficient in terms of lipid production since it allows higher cell and lipid yields to be obtained and is an easy technology to scale-up. Poontawee et al. [14] also reported that the most effective way to produce lipids from yeasts is the two-stage cultivation, in which two sequential phases are established. In the first phase, the cells experience nutrient excess conditions to promote cell growth; in the second phase, the cells are exposed to carbon excess and nitrogen limiting conditions so that they will use the carbon for the purposes of lipid storage synthesis instead of cell division, since the lack of nitrogen for de novo protein and nucleotide synthesis halts the cell growth [51]. Some authors have used different conditions in the two stages to improve the lipid production. Qian et al. [52] used different carbon sources in the two stages: glucose was used in the first stage, and a VFA mixture in the second stage. In addition, the optimal conditions for cell growth may not be the same for lipid synthesis. Based on this, Polburee et al. [53] and Polburee and Limting [54] used a lower temperature (optimal for lipid synthesis) during the second stage, resulting in an improved lipid concentration. A two-stage cultivation strategy for lipid and carotenoid by the strain R. glutinis CGMCC No. 2258 was described by Zhang et al. [55]. The first grow stage was carried out under irradiation/high temperature and the second stage was conducted under dark/low temperature conditions, to improve lipid production. Dias et al. [20] found that the optimal pH for R. toruloides NCYC 921 biomass and fatty acids production was 4.0, and for carotenoid production was 5.0. Based on this observation, the authors used pH 4.0 for the first stage and pH 5.0 for the second stage; this resulted in an increase in the carotenoid content by 51% when compared to the yeast growth conducted at a constant medium pH.



When growing oleaginous yeast cells on lignocellulosic feedstock, two different strategies are possible: separate hydrolysis and fermentation (SHF) and simultaneous saccharification and fermentation (SSF). Grubisic et al. [56] studied both approaches. They added a recycle cellulase step in the SHF and carried out the SSF in batch and fed-batch mode. The authors also added Tween 80 to the lignocellulosic slurry to improve the hydrolysis rate, having observed that the Tween 80 presence improved the lipid yield without affecting the yeast growth. The authors concluded that the fed-batch SFF is the most efficient and economical strategy. However, particular attention must be paid to SSF cultures since the lignocellulosic slurry particles will be mixed with the yeast cells, which may misestimate the biomass and products quantification.



Other strategies have been used to improve the lipid production by oleaginous yeasts. Several authors have reported the use of oleaginous yeast and microalgae mixed cultures to boost lipid production. In fact, the complementary metabolisms of yeast and microalgae (heterotrophic/autotrophic, respectively) improve the yeast growth and lipid production. Microalgal cells require CO2 and sunlight to grow, producing intracellular lipids while producing oxygen (O2) throughout the process of photosynthesis [57]. On the contrary, oleaginous yeasts require organic carbon and O2 to grow. Therefore, when both microorganisms are grown together in mixed cultures, yeast will have an additional supply of O2 produced by microalgae, while the latter will have an additional supply of CO2 produced by the yeast cells when compared to the O2/CO2 availabilities existing in yeast/microalgae pure cultures carried out under the same conditions. In addition, in mixed cultures, the medium pH usually increases due to the microalgae metabolism, which may mitigate the acidic environment that the yeast cells are usually exposed to when grown in pure cultures. In addition, due to the medium pH auto-adjustment that occurs during the evolution of yeast-microalgae mixed cultures, no chemicals or pH control equipment are needed to control the mixed culture medium pH, thereby reducing the process costs. Dias et al. [58] reported an increase of 36% in R. toruloides NCYC 921 lipid content (26.3% w/w) when the yeast was grown together with the microalga T. obliquus on primary brewery effluent supplemented with 100 g/L of sugarcane molasses and 2 g/L of urea when compared to the respective yeast pure culture (19.4% w/w).




4.2. Yeast Cultures Monitoring Techniques


During any bioprocess development, it is essential to monitor several culture parameters, such as biomass concentration and substrate consumption, to evaluate process performance and, if possible, to adjust the process control strategy, aiming at improving the product yields.



The most used analytical methods for microbial growth monitoring are dry cell weight (DCW) measurement and colony forming units (cfu) determination. However, these results are only available a considerable time after the sample harvesting, often after the process conclusion. Optical density (OD) is also used as a fast technique for cell concentration quantification. However, it gives limited information since it does not provide knowledge on the cell status or metabolism. In addition, it assumes a linear correlation between the OD and DCW, which is not possible to ensure throughout the cultivation, particularly when the cells attained the stationary phase as they become smaller [59].



In addition, stress conditions such as nutrient limitation, inefficient aeration and mixing and changes in the oxygen tension and pH often occur during yeast cultivations, from laboratory to large scale production, resulting environmental heterogeneities that will affect the cell physiological status, thereby reducing product quantity and quality. Furthermore, these stress conditions may damage or kill the yeast cells, which may lead to a large proportion of dead or dormant cells (which are partially or completely metabolically inactive) in the broth, thereby affecting culture performance.



Flow cytometry (FC) is a powerful technique for at-line monitoring cell status and growth during microbial cultures, giving information at the single-cell level. FC allows cell counting and physiological cell status detection at near real time (at-line). This information, available soon after the sample harvesting, is crucial since it allows for us to understand the cell stress response to the environment; it also allows the process control strategy to be changed during the cultivation course (by changing the feed strategy, speed/aeration rate, medium composition, etc.) in order to reduce the proportion of stressed/dead cells and improve process efficiency.



Yeasts are particularly suitable for FC analysis since the cells are large enough to be discriminated from the background (cell debris and undesirable particles) in contrast to bacteria, which are barely discriminated. In addition, a few yeast strains produce intracellular carotenoids, thereby allowing the yeast cells to be easily identified. This is similar to autotrophic microalgae, which produce chlorophyll, that are also easily identified.



FC has also been used to monitor yeast and microalgae mixed cultures. As yeast and microalgae cells have different shapes and sizes, FC allows yeast to be differentiated from microalgae cells, giving information on each microbial population in the mixed culture [57]. Beyond cell counting and status detection, FC can provide at-line quantification of a few intracellular products such as lipids [58,60] and carotenoids [61], providing the results immediately after sample collection. This allows for sample collection at the optimal cultivation time. Ami et al. [62] studied a method based on Fourier transform infrared spectroscopy (FTIR) as quick way to quantify lipid accumulation in oleaginous yeasts.



Substrates consumption is also an important parameter to monitor throughout the yeast cultivations in order to calculate consumption rates and process yields. This is usually conducted by HPLC, using specific columns. In addition, several kits for the fast quantification of sugars, organic acids and glycerol concentration are available on the market.



Dissolved oxygen (DO) tension is another important parameter that must be monitored throughout yeast cultivation since oleaginous yeasts are obligatory aerobic microorganisms and the production of yeast intracellular products strongly depends on the oxygen availability. Therefore, it is important to ensure adequate aeration and mixing rates so that the cells can have oxygen excess conditions. In bioreactors, DO is usually monitored through oxygen probes. In shake flask cultivations, readers for O2, biomass and pH measurements may be integrated into the shaking incubator [63].





5. Downstream Processing Techniques


5.1. Biomass Separation


The downstream processing of the yeast biomass includes harvesting, de-watering, biomass concentration or drying, cell disruption, product extraction, recovery and, if needed, fractionation and purification of desired products [64].



Several separation techniques can be used to separate microbial cells from the aqueous broth, which include centrifugation, sedimentation, flocculation or microfiltration and ultrafiltration. Centrifugation is the most used technique to separate yeast cells from aqueous media during lab-scale cultivations. However, this technique is not suitable for large-scale fermentations since oleaginous yeast biomass has a similar density to that of the aqueous media [44]. Filtration can also be used for this purpose, but, if the cells produce surfactants or polysaccharides that remain stuck to cells walls, this technique should be avoided, since these compounds make the filtration of the aqueous phase through the membrane difficult. Flocculation involves the addition of a flocculant compound to the broth that will promote cell aggregation, facilitating the separation of the cell aggregates from the aqueous broth. However, for further lipid extraction, attention must be paid to the solvents used in the extraction, since most of the organic solvents used in the lipid extraction can also extract the flocculant, thereby contaminating the yeast oil.



The yeast products extraction step can be performed on wet biomass (obtained after centrifugation) or dry biomass (which can be obtained by oven heat, spray drying or freeze drying) before any treatment. In fact, the use of wet biomass decreases the process energetic costs. However, the water presence may reduce the products yield. For example, when using organic solvents to extract the intracellular lipids from wet biomass, the extraction yield is usually low, since the water molecules hinder the organic solvent penetration and diffusion through the cells, thereby reducing lipid recovery. Lipid extraction from dry biomass is usually considered to be more efficient despite the drying step being energetically unfavorable.




5.2. Cell Disruption


It is well known that the yeast cell wall is composed of chitin microfibrils, and that these microfibrils are responsible for the rigidness of the wall [64]. Therefore, to release and valorize the various yeast biomass fractions, it is necessary to efficiently break the yeast wall before any extraction from the yeast biomass occurs. Several approaches can be used to break the yeast cells walls, such as mechanical action which, by force, using energy transfer by waves or heat, breaks the cells, thereby disintegrating their structure [65]. Bead milling (BM), high pressure homogenization (HPH), microwave irradiation and ultrasonication are example of mechanical disruption methods. Chemical (alkali and acid, cationic detergents) and biological techniques (using enzymes) may also be used to disrupt yeast cells (Table 2). However, depending on the intracellular products of interest, attention must be paid to the chosen disruption method. Mechanical techniques promote total cell disruption, resulting in the release of the total cellular internal content in small fragments, which will make the purification of a target product difficult. Non-mechanical treatments (chemicals and biologicals) are milder and more selective but are less efficient in terms of intracellular product recovery [66]. In any case, when selecting a cell disruption method, attention must be paid to the advantages and drawbacks, bearing in mind the characteristics of the desired final bioproduct (Table 2).




5.3. Lipid Extraction


The first fraction to be extracted from the oleaginous yeast biomass is usually the lipids. Several lipid extraction methods are known for extracting the intracellular lipids from yeast cells. The Blight and Dyer and Folch methods [70] are considered standard procedures for the extraction and separation of lipids from microorganisms and biological tissues at the lab-scale. These methods use methanol, chloroform and water, which are added to the sample in a two-step extraction, then, after phase separation, lipids are quantified in the chloroform phase by gravimetry after the solvent evaporation. Due to the use of organic solvents non-GRAS, these methods are not suitable for processes related to food and feed applications and are also difficult for large scale lipid extractions. As a result, Gorte et al. [71], based on the method described by Cheng and Rosentrater (2017) [72], used an extraction method using ethanol and hexane to extract intracellular lipids from oleaginous yeasts; this can be used for food purposes due to the lower toxicity of these solvents when compared to those traditionally used (methanol and chloroform).



Milanesio et al. [73] compared three different methods for the yeast Yarrowia lipolytica lipid extraction: the Soxhlet system using a chloroform: methanol mixture (2:1 v/v), the accelerated solvent extraction (ASE) and the supercritical carbon dioxide (SCCO2) high pressure extraction using ethanol as a co-solvent. The ASE results were similar to those obtained for the Soxhlet extraction. However, the best total extraction performance was obtained for the ethanol-macerated yeast (EtM), followed by the SCCO2 extraction. The authors highlighted the advantages of using SCCO2 in the yeast lipid extraction since, according to the Principles of Green Chemistry, the organic solvents used at both the pilot and the industrial scale, particularly in lipid extraction processes, must be replaced by non-flammable, less toxic and more benign solvents in order to obtain sustainable processes from the environmental point of view in the near future. CO2 is an inert, inexpensive, easily available, odorless, tasteless and environment friendly gas, ideally suitable for the extraction of thermally labile natural products such as lipids; it is generally regarded as a safe (GRAS) solvent, suitable for pharmaceutical/cosmetic and food purposes.



However, there are some limitations when using these methods at large-scale, even SCO2, due to the high costs involved. Kumar and Banerjee [74] used the ultrasonic assisted extraction method (UAE) coupled with chloroform/methanol solvent system to extract the intracellular lipids from Trichosporum sp., reporting a 95–97% of conversion efficiency. The authors claimed that the UAE method is a potential green extraction technique, is easy to scale-up, and one that reduced time, energy, and solvent consumption when compared to the traditional Soxhlet technique. However, the authors did not discuss the toxicity of the chloroform and methanol used in the UAE method.



It must be highlighted that there are no downstream processes procedures that can be applicable to all yeast species. Therefore, the lipid extraction procedure must be optimized for each specific strain. Gorte et al. [71] studied the effect of different cell disruption and lipid extraction methods on the lipid content of two oleaginous yeasts (Saytozyma podzolica and Apiotrichum porosum). They found that BM and HPH methods were the best for S. podzolica lipid extraction, while direct transesterification was the most appropriate for A. porosum after the BM step.




5.4. Other Oleaginous Yeast Bioproducts


A strategy to improve the value derived from the yeast lipid extraction process consists of co-extracting other valuable compounds, although only a few studies referring to this approach have been published.



For instance, oleaginous red yeasts, classified in the subphylum Pucciniomycotina, show orange, red or pink colors due to the presence of carotenoids [75]. These microorganisms produce not only TAG, but also valuable carotenoids. The TAG (saponifiable) fraction has a wide range of applications, including biodiesel (converting the yeast fatty acids into methyl esters by transesterification) and biojetfuel (converting the yeast fatty acids into hydrocarbons suitable for aviation by hydroprocessing of esters and fatty acids). As the yeast fatty acids profile is strongly dependent on the growth conditions, tailoring them to obtain higher proportions of essential fatty acids for nutrition can be another application for the yeast oil. Nowadays, polymers are obtained from petrochemical industry; this has raised environmental concerns. Many polymers can be produced from vegetable oils, including polyuretane, polyolefin, polyester and polyether, all of which have several industrial applications (foams, vehicles and house coatings, building insulation, surfboards and skateboards, etc.). Since the oil composition of oleaginous yeast is like that of vegetable oils, the former can be a cleaner and environmentally sustainable alternative for the production of biopolymers. Importantly, vegetable oil or yeast oil-based biopolymers can be used for medical purposes (prosthesis), being preferable to petrochemical based-polymers, since the former are biocompatible, representing less danger of rejection [76].



The yeast carotenoid fraction can be extracted and valorized separately from the TAG fraction. These compounds are known to have a protective effect on human health, inducing vitamin A production and reducing the presence of free radicals (which are involved in several diseases, notably cancer). Since the human body does not produce carotenoids, these compounds must be consumed. However, due to health concerns, consumers prefer carotenoids obtained from natural sources to carotenoids chemically produced. Passarinho et al. [77] described a strategy that took advantage of the different lipid fractions of the yeast Rhodotorula toruloides NCYC 921, a red oleaginous yeast that not only produces significant amounts of saponifiable lipids but also produces β-carotene, torulene and torularhodin, which are unsaponifiable lipids (Table 2). Based on the structural and chemical differences between saponifiable and unsaponifiable lipids, the authors were able to co-extract both compounds using a saponification reaction directly on the wet yeast biomass. The fatty acid soaps were further converted into carboxylic acids; due to their polarity, they remained in the aqueous phase, while de carotenoids remained in the organic phase after hexane addition. In this way, the fatty acids fraction was separated from the carotenoids fraction. This process gave recovery yields of 91.0% and 85.2% for fatty acids and total carotenoids, respectively. The strategy took advantage of various components of the yeast lipid fraction, thereby maximizing the value derived from the whole yeast biomass with minimal environmental impact; this places this method within the framework of the circular bioeconomy. Fakankun and Levi [75] examined the fatty acids biosynthesis and carotenoid pathways in red yeasts, focusing on the synchronization and gaps between both processes, highlighting multi-omic studies.



Most of the published works reporting lipid production from oleaginous yeast neglected other yeast biomass fractions, including the de-oiled biomass (leftovers) obtained after the lipid extraction [32,33,56]. This indicates that only the early stages of the biorefinery concept have been applied to oleaginous yeast, despite all the benefits mentioned above. Only a few authors have reported the extraction and production of multiple products from yeast biomass. A successful example of an oleaginous yeast biorefinery was reported by Kumar et al. [38] (Table 1). The authors used low-cost substrates (crude glycerol and CLS) to grow the yeast strain Pichia guilliermondii, and obtained a lipid fraction (52.09% w/w) with potential use for biodiesel purposes as well as an extracellular bioemulsifier. In addition, the authors evaluated the potential use of the de-oiled biomass. They estimated that it contained up to 24.6% and 44.2% of protein and carbohydrate, respectively, which revealed its potential use as animal feed. Using AF, Batista et al. [78] produced biogas from the effluents and wastes generated during the production of yeast Rhodosporidium toruloides NCYC 921 and the biorefinery biomass. The process started with yeast growth in a 7L-bioreactor, followed by the yeast biomass fractionation to obtain lipids (for biodiesel) and carotenoids. The yeast leftovers, together with the effluents generated during the whole process, were converted into biogas in order to assess the potential energetic valorization of all residues and wastes. Moreover, Benerjee et al. [79] studied the characteristics of Rhodotorula mucilaginosa IIPL32′s de-oiled biomass for its potential utilization using FTIR, X-ray powder diffraction (XRD), scanning electron microscopy (SEM), energy dispersive spectrometer (EDX), X-ray fluorescence (XRF) and thermogravimetric analysis (TGA); these were used to evaluate the properties of the yeast de-oiled biomass. The authors observed increased surface area and structural changes in de-oiled yeast biomass with an increased crystallinity, indicating chitosan presence, when compared to the non-extracted biomass. The thermal decomposition study demonstrated that lipid extraction improved the thermal degradation of the leftover biomass, which can be further explored for thermochemical conversion into biochar, biochar based-catalysts and chemicals.



Thermochemical methods can be used to obtain a variety of products from oleaginous yeast strains. Bi et al. [80] produced Cryptococcus curvatus biomass from sweet sorghum bagasse hydrolysates. A direct transesterification was applied to the wet yeast biomass in order to convert the intracellular lipids into biodiesel. The residual yeast biomass, obtained after the transmethylation, and the sorghum bagasse residues, obtained after the pretreatment, were used to produce “biocrude” through hydrothermal liquefaction (HTL); this is a process that converts whole wet biomass into the energy-dense liquid fuel precursor, called ‘biocrude’, and is a promising alternative to conventional lipid extraction methods as it does not require a dry feedstock or additional steps for lipid extraction. The HTL that led to the highest biocrude yield (68.9%, with a high heating value (HHV) of 38.2 MJ/kg) used the catalyst K2CO3 at 1.00 mol/L, conducted at 350 °C. This study proposed a method for producing biocrude and biodiesel from yeast biomass generated from fermenting lignocellulosic sugars.



The sustainable and efficient oleaginous yeast biorefinery aims to produce a wide range of bioproducts such as polyunsaturated fatty acids and carotenoids with food, nutraceutical, cosmetic and pharmaceutical applications, and biofuels (biodiesel, biojetfuel and biogas). The leftover yeast biomass contains proteins and carbohydrates that may be further used as animal feed or converted into biocrude by HTL for further conversion into renewable gasoline and diesel. Recently, the whole oleaginous yeast red biomass was considered a promising material with many appealing biological functions that can be used in the food industry, as a pharmaceutical material, or in the feed industry [81]. The efficient oleaginous yeast biomass biorefinery uses all the biomass fractions with minimal environmental impact and with zero waste.





6. Oleaginous Yeast Biorefinery Technical Economic Assessment


The oleaginous yeast biorefinery technology scale-up and commercialization need to be viable from a sustainability point of view, i.e., the technology needs to be analyzed from an environmental and economic point of view. Most common methodologies to tackle such aspects are the life cycle assessment (LCA) and the techno-economic assessment (TEA) [82].



A Web of ScienceTM search query “(oleaginous yeast) and (LCA or TEA)” was adopted to observe the database studies related to LCA, TEA or both. Reviews were excluded. The search retrieved nine studies (Table 3). Only one study covers both LCA and TEA.



Expanding the LCA studies to identify scope, functional unit, inventory assumptions and impact assessment criteria allows us to develop a more refined view on potential strengths and weaknesses. The process boundaries are in Appendix A.



Barbanera et al. [83] analyzed yeast biodiesel production from cardoon stalks by means of the following processes: biomass pre-treatment (milling, steam explosion, washing and filtration), glucose extraction (enzymatic hydrolysis and filtration) and yeast biodiesel production (lipid production, centrifugation, extraction, centrifugation, distillation, transesterification and purification). Transport activities, the setting-up and maintenance of the infrastructure and cardoon stalks production were excluded. The hemicellulose liquor and the yeast residual biomass are further processed in an anaerobic digestion plant. The biogas produced is used in a combined heat and power (CHP) unit, accounting for credits to avoid heat and electricity production from the external sourcing. A system expansion approach was applied in the cradle-to-gate LCA, thereby avoiding the allocation procedure. The functional unit was 1 MJ of energy contained in the biofuel. For the inventory, direct inputs and outputs at lab-scale for each stage of the process were drawn from the literature. The scale-up was for a plant capable of processing 10,000 ton/yr of wet cardoon stalks with a moisture content of 15%. The ReCiPe method, a midpoint level-hierarchist (H) cultural perspective, was selected to retrieve information on 18 impact categories, including global warming potential. SimaPro® v9.0.0 software was used alongside the Ecoinvent database v.3.5. The results of the impact category global warming potential (GWP100) show net negative values, mainly due to avoiding the production of heat from natural gas combustion, circa 59%, and with the remainder due to avoided electricity from Italian generation mix. The Italian mix was composed by 24.6% electricity from natural gas, 18.7% from hydropower, 12.8% from hard coal, 10.9% from PV, 4.8% from wind, 6.9% from other renewables, 6.4% from other non-renewables and 14.9% from imported electricity.



Chopra et al. [84], estimated the environmental impact of the yeast (Meyerozyma caribbica) biorefinery producing biodiesel and bio-crude. The processes are the cultivation of yeast, harvesting (chitosan), cell disruption, in-situ transesterification and HTL of residual de-oiled biomass. The residual de-oiled yeast cake was used as a feedstock for HTL reaction for production of bio-crude. Glycerol, the by-product of the previous step, was used as a co-solvent in HTL. SimaPro® 8.0.3.14 software was used alongside the EcoInvent v 3.1 database. The Recipe End-point (H) method and Impact 2002+ method were used, including global warming potential. The FU is 300 L of biodiesel production. Allocation was based on the product weight; biodiesel represents 67.31% and bio-crude represents 32.69%, and in each of the sub-processes the allocation is biodiesel at 49%, de-oiled biomass at 46% and glycerol at 5% for transesterification, and for HTL, bio-crude at 56% and biochar at 46%. Lab-scale experimental data are extrapolated according to the FU and energy requirements and elemental composition of chitosan; the conversion efficiency of products to electricity is assumed to be 35%. Indian electricity mix is used constituted by 13.6% hydroelectric power, 66.8% thermal power (coal, gas and diesel), 2% nuclear and 17.5% renewables. GWP is 14,381 kg CO2eq/300 L biodiesel (47.9 kg CO2eq/L).



Caretta et al. [85] analyzed lignocellulosic biomass waste (agricultural and forestry residues) conversion to sugars that are fed to oleaginous yeast and converted in an Ecofining™ plant (Eni company, Italian oil industry company) for hydrogenated vegetable oils (HVO) production. The processes were pretreatment, hydrolysis, fermentation, solid concentration, extraction and solvent recovery. In a further step, the microbial oil (lipids) was converted into a diesel fuel by the Eni Ecofining™ proprietary process, producing HVO considered advanced biofuel. Lignin was used as fuel for thermal recovery. The functional unit was 1 MJ of HVO. It followed a Well-to-Wheels boundary to compare with European directive REDII and Joint Research Centre alternative HVO production pathways. The study only calculated the global warming potential and used Gabi software with Ecoinvent, both versions non-disclosed by the authors, using the CML2001 method. The study did not consider the energy use and emissions involved in building facilities and the vehicles themselves, nor end of life aspects. Allocation factor was calculated based on the calorific powers of all the products of the EcofiningTM process, at a value of 0.293. The study obtained a GWP of 23.22 gCO2eq/MJ (25.22 gCO2eq/MJ, transport included), complying with REDII (fossil fuel comparator of 92 gCO2eq/MJ). The electricity mix and the yeast used was not disclosed.



Sharma et al. [86] analyzed laboratory scale conversion of sugarcane to lipids by the yeast Rhodotorula mucilaginosa IIPL32, using a cradle-to-gate boundary considering the following processes: sugarcane cultivation, generation of bagasse, bagasse pre-treatment for pentose-rich fermentable sugar production, yeast bioconversion, lipid recovery and solid catalytic conversion of lipid into biodiesel or BTEX (benzene, toluene, ethyl, benzene and xylene) or to lube base oil. The functional unit was 45 g of yeast lipid. The study used SimaPro® 9.0.0.29, and gave no mention of Ecoinvent. The environmental impact categories were global warming potential (GWP), eutrophication and ozone layer depletion by means of the CML baseline method with normalization factor EU25. The inventory was based on literature and laboratory data for the extraction of sugars from sugarcane bagasse, fermentation and lipid extraction. The electricity mix used was not disclosed, but it was mentioned an Indian perspective of the analysis. Biodiesel production was the best-case for GWP, with 27.83 kg CO2eq.



Parsons et al. [87] used Saccharina latissima seaweed sugars with non-refined SGOs by oleaginous yeast Metschnikowia pulcherrima. The processes were: seaweed cultivation, mechanical milling, diluted acid pre-treatment and enzymatic hydrolysis, fermentation, wastewater treatment, extraction using hexane and further processing via a neutralization, bleaching and deodorization step. The process co-products were fragrance chemical 2-phenylethanol and a proteinous yeast extract. 2-phenylethanol was extracted directly from the fermentation broth and the extracted yeast biomass was removed following the hexane extraction step. The functional unit was 10,000 tons of unrefined SCO per year. The inventory was based on a combination of experimental data, literature values and the Ecoinvent 3.4 database in Brightway LCA software in Python. The ReCiPe (H) midpoint impact assessment method was used. The impact categories (climate change, freshwater ecotoxicity, freshwater eutrophication, human toxicity, marine ecotoxicity, marine eutrophication, terrestrial ecotoxicity, terrestrial acidification and water depletion) were considered. The electricity mix was for the UK in 2016. Climate change impact ranged between 2.5 and 9.9 kg CO2eq for each kg of SCO.



The potential strengths are that all studies considered global warming potential and reflect different regions of the globe (India, Italy and UK) where the technology could be implemented, covering an Italian oil company. Weaknesses are the inexistence of a harmonized methodological approach, i.e., boundary, functional unit, allocation methods not allowing a direct comparison among each other and a more pilot scale world coverage.



Expanding the TEA studies to identify how capital expenditures (CAPEX), operational expenditures (OPEX) and market uncertainty coverage is important to develop a more refined view of potential strengths and weaknesses.



Parsons et al. [87,88] considered sucrose (as reference), wheat straw, distillery waste feedstocks and seaweed in the UK market reality. Assumptions considered plant life span to be 30 years, an interest rate of 8%, operating times of 8410 h per year, a loan term of 10 years, the cost year of 2017, Depreciation Straight-line, Chemical Engineering Plant Cost Index (CEPCI) of 562.1, a salvage value of 0, a discount rate of 10%, a construction period of three years, an income tax rate of 30%, working capital (% of FCI) at 5%, an equity percentage of total investment at 40% and yeast productivity of 1.3 g/Lh (based on lab-scale 2 L fermenter). The non-discounted cost of manufacture (COM) was calculated based on a fixed CAPEX cost (FCI), labor cost, raw materials cost, utilities cost and waste management cost. The median COM for a 100 ton/year demonstration facility was EUR 24,000 to EUR 25,000 per ton; as such, the refined SCO in this case was not price competitive with standard terrestrial oils, for example palm oil (EUR 400 to EUR 800 per ton) or coconut oil (EUR 800 to EUR 1600 per ton). Total fixed CAPEX ranged between EUR 794,768 and EUR 1,854,446. A discounted cash flow analysis was used to calculate a minimum estimated selling price (MESP) for the SCO. The MESP for refined oil was calculated to be EUR 14,000 per ton. For a 10,000 ton a year full commercial scale facility, the total fixed CAPEX cost ranged between EUR 110 and 111 million; the fermentation equipment was the greatest contributor to capital cost (EUR 39 million). The lowest COM was associated with the sucrose feedstock scenarios (EUR 4700 to EUR 5100), and the highest cost to manufacture was associated with distillery wastes (EUR 8900 to EUR 10,300). For seaweed, COM was at EUR 16,000 to EUR 19,000 per ton of refined SCO. In summary, the economic analysis reached a breakeven selling price (MESP) of EUR 5300 to EUR 31,000 tonne-1 refined SCO, depending on the seaweed price ranging between 298–697 EUR/ton.



Jena et al, [89] studied a simulated annual production level of 72 million liters of drop-in biofuel. Economic assumptions included a 10% internal rate of return, a 35% income tax rate, a 30-year plant life, an operating time of 329 days a year, equity at 60%, 40% investment capital, 15% loan interest over 10 years, 50% of production in the 1st year and 100% the following years and a working capital of 5.0% of FCI. The study excluded labor costs. The capital was assumed to occur over a 3-year period, with 8, 60 and 32% of the capital spent in year 1, 2 and 3, respectively. A total capital investment of USD 94.2 million was required and the total annual operational cost for the facility (excluding labor) was USD 38.4 million. The authors considered low-temperature co-solvent HTL from whey permeate fermentation of oleaginous yeast Cryptococcus curvatus using laboratory batch reactors. The fermentation costs accounted for approximately 35% of the total baseline production costs. Operating costs were dominated by HTL and inoculation. Retrieved biomass production cost of USD 1205/ton and renewable diesel fuel at a price of USD 5.09 per gallon, which was not competitive with crude diesel.



Biddy et al. [90] studied a lignocellulosic based system with a production of 2000 dry metric tons/day of biomass, though they did not specify the yeast. Economic assumptions include plant life of 30 years with a capacity factor of 90%. Moreover a discount rate of 10%, a general plant depreciation of 200% declining balance (DB), a general plant recovery period of 7 years, a start-up time of 6 months, with revenues during start-up at 50%, variable costs during start-up at 75% and fixed costs during start-up at 100%. All coproducts were treated using a market-value allocation approach. The minimum fuel selling price (MFSP) for the fuel-only base case was USD 9.55/GGE, with a total capital investment of USD 920 million. The cost breakdown indicated that roughly 39% of the capital cost was attributed to the biological conversion section, with 97 bubble column reactors to process the full hydrolysate stream assuming a lipid productivity of 0.4 g/Lh. The coproduction of fuels and chemicals translated into an overall MFSP of the process decreased by 45% to USD 5.28/GGE; however, a 30% increase in the total facility capital investment to USD 1216 M resulted. Both simulated MFSP were noncompetitive with crude diesel.



Karamerou et al. [91] studied a hypothetical system based on best lab-scale results and for sucrose as carbon source with a yearly production of 8052.49 t of microbial lipids. The virtual plant operated for 8400 h. FCI reached USD 16,085,855 (2018 was assumed for sugar production and 2019 was assumed for capital cost). It includes labor and lipid productivity of 1.6 g/h; the best value found in their literature review. All installed equipment costs were adjusted to 2019, using the Chemical Engineering Plant Cost Index (CEPCI) and calculated the COM such as Parsons et al. [87]. The lipid price was approximately 2–3 times higher than palm oil.



Wrapping up for TEA, the weaknesses were the nonexistence of a harmonized methodological approach, i.e., not the same production capacities, not the same year for monetary values (e.g., 2011, 2017, 2019) nor the same assumptions (e.g., labor included or not included, working hours, plant ramp-up, euros or dollar, different lipid productivities), thereby eliminating a direct comparison of the studies. However, the strength was that there is a common conclusion: the need to reduce fermentation capital costs, the need to increase yeast yield and consider co-products marketable to be profitable when compared to terrestrial oils.




7. Conclusions


The exploitation of oleaginous yeast biorefinery may be an environmentally sustainable solution to produce biofuels and valuable products with minimal environmental impact. This is because these organisms can grow on a wide range of low-cost wastes, concomitantly producing a broad range of products with commercial applications. In addition, contrary to autotrophic oleaginous microalgae, oleaginous yeast growth does not depend on light, season, or climate; it is able to grow in places located far from the Equator with little light during several months of the year. However, this technology is still in an incipient phase, as demonstrated above, since the implementation of oleaginous yeast biorefineries is far from the required large scale. There are a few hurdles that must be overcome before large-scale implementation can occur. The costs of the whole process must be reduced, from the feedstock until the end products. Beyond the use of low-cost substrates (wastes, byproducts, effluents), genetically modified strains with improved inhibitory compounds, resistance and lipid production capacity should be developed.



The process cost may also be reduced by diversifying and valorizing the bioproducts extracted from the yeast biomass in order to boost the process profit. It is also important to use downstream techniques that do not use harmful chemicals and do not have high energy requirements.



A handful of life cycle assessment (LCA) and techno-economic modelling (TEA) efforts related to oleaginous yeast biorefinery were found. LCA was assessed for different carbon sources (e.g., cardoon stalks, agricultural and forestry residues, sugarcane bagasse, Saccharina latissima seaweed) and different oleaginous yeast (e.g., Metschnikowia pulcherrima, Meyerozyma caribbica) with mass and energy flows inventories based on a combination of experimental lab-scale data and literature values. The products considered also varied, from biodiesel, BTEX (benzene, toluene, ethyl, benzene and xylene), lube base oil and biocrude. Typically, lab-scale studies retrieve mass balances and up-scale utility (electricity, heat) demand is retrieved from the literature for other systems. Despite their methodological differences, the global warming impact category is always covered. With co-product valorization, this impact category is similar to or lower than microalgae and terrestrial oil mixes and better than fossil crude-oil. TEA was assessed for different carbon sources (sucrose, wheat straw, distillery waste, seaweed, whey permeate, generic lignocellulosic material) and oleaginous yeast (Metschnikowia pulcherrima, Cryptococcus curvatus) and was based on lab-scale fermenter yields. Despite methodological differences, the fermenter unit is cost intensive (usually one third or more of the overall capital cost), suggesting a potential for optimization of the fermenters to reduce the overall cost of biofuel. For fermentation, a biomass productivity of 1.3 g/Lh (resulting in a lipid productivity of 0.52 g/Lh) is close to the top end of what has been previously reported for oleaginous yeasts across all fermentation modes. However, for profitability it is suggested that higher productivities of 2 g/Lh should be reached. Otherwise, SCO is not price competitive with standard terrestrial oils.
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Figure 1. Oleaginous yeast biorefinery. 
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Step

	
Method

	
Principle

	
Advantage

	
Drawback

	
Costs

	
Easiness of Scale-Up






	
Cell disruption

	
Bead Milling

	
Abrasive action of the beads on the cells

	
High disruption efficiency



Mild conditions



Fast operation time

	
High energy demand

	
High

	
Yes




	
High pressure homogeneizer

	
The cells suspension pass through a narrow gap at high pressure

	
It can process large volumes of liquid sample thoroughly and reproducibly



Suitable for neutral lipid extraction

	
High energy demand



High capital and maintenance costs



Unsuitable for high molecular weight proteins

	
Low

	
Yes




	
Microwaves

	
Microwaves induce vibration of water and other polar molecules within wet biomass, which will increase temperature inside the cell, promoting water evaporation, which will

Produce pressure on the cell walls, leading to cell disruption

	
High disruption efficiency



Relatively low energy input,



Short operation time,

	
High temperature



High energy demand



High maintenance requirements

	
Low

	
No




	
Ultrasound

	
The energy released from cavitation impacts the cell membrane becoming irreparably damaged.

	
Short operation time



High disruption efficiency

	
High demand energy

	
High

	
No




	
Acid

	
lipid-protein and lipid-starch interactions intramolecular forces dissociation

	
Low energy demand



Can use wet biomass

	
Acid disposal requirements



Thermolabile compounds and acid sensitive compounds degradation

	
High

	
Yes




	
Alkali

	
Hydrolysis of polysaccharides and proteins

	
Low energy demand



Can use wet biomass

	
Less efficient than acid treatment



Acid disposal requirements



Thermolabile compounds and acid sensitive compounds degradation

	
High

	
Yes




	
Enzymes

	
Cell wall polysaccharide structure hydrolysis

	
Simple



Mild temperature conditions



Low energy demand

	
Long operational times



High enzyme costs

	
High

	
Yes




	
Lipid extraction

	
Bligh and Dyer

	
extraction using organic solvents



Methanol, chloroform and water (1:1:0.9 v/v/v) are added to the yeast biomass in a two-step extraction; after the phase separation, the yeast lipids are concentrated and quantified in the chloroform phase

	
Efficient lipid extraction



Low working temperature

	
Laborious and time-consuming



Uses toxic organic solvents

	
Low

	
No




	
Soxhlet

	
Extraction using organic solvents and a Soxhlet apparatus.

	
Efficient neutral lipid extraction

	
Not suitable for samples containing water



Less efficient in polar lipids extraction



Long operation time



Possible degradation of thermoliable compounds



May use toxic solvents

	
Low

	
Yes




	
Supercritical CO2 extraction (SSCO2)

	
Extraction using supercritical CO2



SCO2 penetrates the yeast biomass and promotes the lipid diffusion to the SCO2 phase

	
Uses a non-toxic and a GRAS (Generally Recognized Safe) Solvent)



Efficient neutral lipids extraction; polar lipids extraction can be enhanced by adding a polar solvent

	
The equipment operates at high pressures, needing special infrastructure

	
High

	
Yes




	
Acerelated solvent extraction (ASE)

	
Increased temperature and elevated pressure keeps the solvent liquid above its boiling point, improving the lipid extraction.

	
Efficient lipid extraction



Short operation time

	
Possible thermolabile compounds degradation



High energy demand



May use toxic solvents

	
High

	
No




	
Direct transesterification

	
Transesterfication of the yeast lipids

	
Short time of operation

	
Only extracts the saponifiable fraction



May use toxic solvents

	
Low

	
Yes
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	Study
	LCA
	TEA
	Key Findings





	[83] Barbanera et al.
	x
	
	The production of yeast biodiesel has been identified as a promising alternative to traditional biodiesel production methods. However, there are some environmental hotspots that need to be addressed in order to make this process more sustainable: The enzymes used in the yeast biodiesel production process are energy-intensive to produce; The process of extracting lipids from yeast cells requires a lot of heat and organic solvents. The environmental performance of yeast biodiesel production is similar to that of other first-generation biodiesel crops if there is no coproduct valorization. However, yeast biodiesel is more environmentally sustainable than microalgae biodiesel.



	[84] Chopra et al.
	x
	
	Among the different processes of the yeast biorefinery, the direct transesterification process and HTL process were found to be the most impactful because of the requirement of large amount of non-renewable electricity.



	[85] Caretta et al.
	x
	
	Biomass to Fuel technology proves to be an effective solution for greenhouse gas emission reduction, aligning with the stringent requirements outlined in the European Directive.



	[86] Sharma et al.
	x
	
	This study, starting from sugarcane cultivation, sug-gests the scale-up of the process up to 50 L fermenta-tion; The emissions investigated for global warming potential (GWP) are found to be 260.03 for non-polar lipid, 572.16 for lube base oil, 27.83 for biodiesel and 85.19 kg CO2 equivalent for BTEX products, and for each 45 g of yeast lipid.



	[87] Parsons et al.
	x
	x
	Climate change impact was found to be 2.5 and 9.9 kg CO2eq. kg−1 refined SCO, within the range of micro-algae and terrestrial oil mixes. Break-even selling price for the oil is found to be between €5300–€31,000 per tonne of refined SCO. These values are closer to that of exotic oils and fats than for those of terrestrial oils such as palm oil.



	[88] Parsons et al.
	
	x
	Feedstock pricing and lipid yield emerged as the most significant factors influencing overall economic via-bility, while coproduct valorization played a substan-tial role. This study integrates uncertainty into eco-nomic analysis for better decision-support.



	[89] Jena et al.
	
	x
	Techno-economic analysis (TEA) revealed a renewa-ble diesel fuel price of USD 5.09 per gallon, with the hy-drothermal liquefaction (HTL) processing step con-tributing approximately 23% to the overall cost of the baseline pathway. These findings demonstrate the feasibility of co-solvent HTL in converting oleaginous yeast biomass into energy-dense biocrude, offering a promising avenue for valorizing dairy industry waste streams and enhancing the economic viability of re-newable fuel production.



	[90] Biddy et al.
	
	x
	Enhanced cost reductions in the production of renewable fuels and coproducts are attainable through transformative advancements in the fuel and coproduct processing pathways. Further reductions in the minimum fuel selling price (MFSP) towards USD 2–3/gasoline-gallon-equivalent (GGE) can be achieved. These enhancements should focus on maximizing carbon efficiency for both fuels and coproducts, optimizing the recovery and purification of fuels and coproducts, and strategically selecting and pricing coproducts. By implementing these transformative advancements, the production of renewable fuels and coproducts can become more cost-competitive than fossil-based hydrocarbon fuels.



	[91] Karamerou et al.
	
	x
	The selling price of lipids stands at USD 1.81 per kilogram for an annual production of approximately 8000 tonnes. This price can be substantially lowered by increasing production to 48,000 tonnes per year, resulting in a selling price of USD 1.20 per kilogram. Further reductions can be achieved by implementing various technological improvements, such as, utilizing a thermotolerant strain of microorganisms; employing renewable energy sources or optimizing energy efficiency; Adopting non-sterile fermentation processes; Implementing wet extraction methods for lipid recovery; establishing continuous production systems for extracellular lipid; selling the entire yeast cell, including recovering value for the protein and carbohydrate content. This approach can bring the price down to USD 0.81 per kilogram. Moreover, producing valuable coproducts that can be sold for more than USD 1 per kilogram can effectively reduce the lipid selling price to zero. This strategy involves identifying and marketing high-value coproducts generated during the lipid production process.
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