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Biodiesels are renewable fuel that may be produced from various feedstock using different techniques. It is endorsed in some countries of the world as a viable substitute to diesel fuel. While biodiesel possesses numerous benefits, the cold flow properties (CFP) of biodiesel in comparison with petro-diesel are significantly less satisfactory. This is due to the presence of saturated and unsaturated fatty acid esters. The poor CFP of biodiesel subsequently affects performance in cold weather and damages the engine fuel system, as well as chokes the fuel filter, fuel inlet lines, and injector nozzle. Previously, attempts were made to minimize the damaging impact of bad cold flow through the reduction of pour point, cloud point, and the cold filter plugging point of biodiesel. This study is focused on the biodiesel CFP-related mechanisms and highlights the factors that initialize and pace the crystallization process. This review indicates that the CFP of biodiesel fuel can be improved by utilizing different techniques. Winterisation of some biodiesel has been shown to improve CFP significantly. Additives such as polymethyl acrylate improved CFP by 3-9 ° C. However, it is recommended that improvement methods in terms of fuel properties and efficiency should be carefully studied and tested before being implemented in industrial applications as this might impact biodiesel yield, cetane number, etc.
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INTRODUCTION
Biofuels are biomass-derived renewable fuels that have great potential as an alternative to fossil fuels. They are inherently biodegradable, less toxic, oxygenated, and contain negligible amounts of sulfur (Bhuiya et al., 2020; Muhammad et al., 2021; Samani et al., 2021). These properties are the key factors that demonstrate favorable combustion and emission performances as transport grade fuel (Ashraful et al., 2014; Hagos et al., 2016). The main constituents of biodiesel fuels are saturated and unsaturated fatty acid alkyl esters and fatty acid methyl esters (FAME), but the composition and types of fatty acid esters vary based on the sources of feedstocks for biodiesel production.
Feedstocks for biofuel undergo a transesterification reaction to produce biodiesel along with a by-product, glycerine (Figure 1) (Mofijur et al., 2013; Shahabuddin et al., 2013; Mofijur et al., 2014; Mofijur et al., 2016; Rizwanul Fattah et al., 2020). Biodiesel fuels effectively contribute to reducing emissions like carbon dioxide (CO2), carbon monoxide (CO), particulate matters (PM), and total hydrocarbons (THC) when used in diesel engines at acceptable diesel-biodiesel blend ratios (Abdollahi et al., 2020; Mahlia et al., 2020). Although biodiesel typically reduces a variety of emissions, the general trend of combustion of this fuel shows an increase in the emission of oxides of nitrogen (NOx) at all loads of engine operation (Szybist et al., 2007; Lapuerta et al., 2008; Palash et al., 2013; Sahu et al., 2013; Lanjekar and Deshmukh, 2016). The feedstocks for biodiesel production may be sourced from edible oil sources, non-edible oil sources (Mofijur et al., 2013; Mofijur et al., 2020a), waste oils and fats, and advanced microalgae (Mofijur et al., 2019; Fattah et al., 2020).
[image: Figure 1]FIGURE 1 | Typical transesterification reaction to produce biodiesel (Mofijur et al., 2020b).
Exposure to cold weather causes another dilemma for biodiesel fuels, known as the cold flow or low-temperature flow problem (Zuleta et al., 2012; Islam et al., 2016). Generally, both diesel and biodiesel fuels experience such issues during the winter season and in colder regions of the world; however, the condition is worse with biodiesel. Cloud point (CP) and pour point (PP) are the two primary properties for fuel to determine their cold flow specification (Boros et al., 2009). If blends of diesel and biodiesel fuels are exposed to cold temperatures for a significant period (e.g., parking outside for a few hours at night), the higher CP of the biodiesel could lead to gelation of the biofuel earlier than that of the regular diesel. There are insufficient field-based investigations and detailed reporting about this cold weather effect on biodiesel, based on an assortment of feedstocks from various regions (Dunn, 2009; Monirul et al., 2015; Tinprabath et al., 2016).
Since the sources of feedstocks for biodiesel production varies based on regional availabilities, the compositions of the fatty acid alkyl esters of these fuels also varies due to the disparity of feedstock. Therefore, it is essential to observe all the variations of the physicochemical properties of these fuels due to exposure to specified environmental conditions. Though generally overlooked by biodiesel producers, the CP is an equilibrium attribute of the fuel which can be expressed as linear functions of both the cold filter plugging point (CFPP) and the low-temperature filterability (LTFT) (Dunn and Bagby, 1995; Boros et al., 2009). If the CP of biodiesel is neglected in an environment having a temperature lower than the CP, the number of crystals produced in the fuel will increase with the reduction of temperature. Thus, this will affect fuel viscosity, pouring ability, filtration capacity, and volatility, etc. As a result, fuel starvation could be engendered in the combustion chambers. The engine’s ability for start-up, as well as the drivability, could also be affected due to fuel starvation (Kim et al., 2012; Dwivedi and Sharma, 2014).
It has been reported that a higher amount of saturated fatty acid esters in biodiesel fuels can lead to higher CFPP values in the fuel (Kerschbaum et al., 2008). Biodiesel fuels are unsuitable for use in colder regions because they have a higher measure of saturated fatty acid methyl esters. To be utilized in low-temperature conditions, the biodiesel fuels should have both lower CFPP values and less saturated fatty acid content (Dwivedi and Sharma, 2013). In recent years, researchers around the world have begun adopting several remedial actions. Their studies on cold flow properties and their remedial actions have been published in various journals, yet, not many researchers have reviewed these published findings.
This mini-review aims to make a critical analysis of the cold flow properties of biodiesel and their mechanisms, along with potential remedial techniques to improve cold flow properties. This review is relevant to ongoing studies focused on developing and processing cost-effective biodiesel production. This detailed knowledge of cold flow properties is of great benefit to those working in this important field.
Cold Flow Properties of Biodiesel
The use of biodiesel is affected by poor cold flow properties, namely CP, PP, and CFPP (Dwivedi and Sharma, 2014a). The poor cold flow characteristics of vegetable oils or their alkyl esters lead to injector coking, severe engine deposits, filter gumming, piston ring sticking, and thickening of lubrication oil from long-term use in diesel engines (Dwivedi and Sharma, 2013). Biodiesel should cotain relatively low concentrations of both long-chain saturated fatty acid methyl esters (FAME) and poly-unsaturated FAME to perform well in a low-temperature environment and to maintain stability at acceptable standards (Veríssimo and Gomes, 2011).
Mechanisms of the Cold Flow of Biodiesel
Crystallization occurs in two primary interrelated steps: nucleation and crystal growth (Biodiesel, 2015; Galimzyanov et al., 2019). In the first stage, when the temperature of biodiesel is lower than MP, the liquid molecules will produce a strong intermolecular force, thus generating enough thermodynamic force in the liquid. The molecules of the liquid then gather to form solid embryos called crystal lattices or crystallites. Crystal growth is the formation of lattice after nucleation, and large crystals are formed on the existing lattice (Figure 2). This growth continues until an interlocking network is formed, leading to fuel flow interruption and fuel starvation. This solidification or crystallization in the fuel occurs promptly, resulting in an agglomeration and clogging of both the fuel line and the filters. It causes major problems in engine operation and fuel distribution. The unsaturated fatty acid contents of the biodiesel fuels possess a lower melting point in comparison to the saturated compounds. As a result, the unsaturated compounds can dissolve the saturated compounds and result in gelation at a temperature that is higher than their melting points (Lopes et al., 2008; Ramos et al., 2009; Echim et al., 2012). Accordingly, biodiesel fuels that have more saturated fatty acid compounds (especially, the long-chain saturated esters) display higher CP and PP.
[image: Figure 2]FIGURE 2 | Mechanisms of the cold flow of biodiesel (Verma et al., 2016).
Approaches to Improve the Cold Flow Properties of Biodiesel
The cold flow of properties of biodiesel can be improved in a variety of ways. Winterization (Dunn et al., 1996), mixing additives (pour point depressant) (Chiu et al., 2004; Kumar and Singh, 2020), blending with diesel fuels (Magalhães et al., 2019), using branched-chain esters (Lee et al., 1995), blending with vegetable oils of lower crystallization temperature (Foglia et al., 1997), etc. are the more commonly used processes to improve the lower temperature flow properties of the fuel.
Winterization
It is often observed in the winter season (or temperatures lower than CP), that biodiesel fuel experiences crystallization. This results in plugged fuel filters and injectors due to higher CP and PP. Winterization of biofuel involves selective long-chain saturated components crystallization using controlled cooling conditions and removal of the crystallized fractions (Kumar and Singh, 2020). This increases the unsaturated FAME contents of biodiesel and reduces both CP and PP (Dunn et al., 1996; Fuel, 2003; Kerschbaum et al., 2008; Dwivedi and Sharma, 2014b). However, the removal of saturated FAME contents by this process decreases the CN of the fuel, as well as the loss of the total yield of biodiesel, by a significant quantity (Edith et al., 2012). Furthermore, this process may also make fuel susceptible to oxidative damage (Kumar and Singh, 2020). The loss may be minimized when the winterization process is executed after adding cold-flow property improving agents (e.g. hexane, isopropanol, etc.) (Knothe, 2005).
Vijayan et al. (Vijayan et al., 2018) carried out winterization of biodiesel at low temperatures (0°C–20°C) and found that sunflower biodiesel exhibited no crystal formation. Kumar and Sharma (Kumar and Sharma, 2018) used a 3-step winterization process and reported a reduction of CP by 5.5°C and a reduction of PP by 8.2°C. However, the authors also reported a reduction of 5.4%–15% biodiesel yield due to winterization.
Nainwal et al. (Nainwal et al., 2015) conducted winterization tests of Jatropha methyl ester and waste cooking oil methyl ester at a temperature 2°C lower than the respective CP. They observed a reduction of 4.1 wt% and 2.3 wt% of saturated FAMEs, respectively. The CP and PP were reduced by 11.8% and 8.3% for JME, 20.6%, and 22.6% for WCOME, respectively. C18:0 FAME content has a more adverse effect on the low-temperature characteristics of biodiesel than that of C16:0 due to a higher melting point (Moser et al., 2007). A partial winterization process to only remove the C18:0 or higher saturated FAMEs could reduce the quantity of total yield loss from biodiesel but achieve acceptable CFPP values. The use of a cross-flow micro heat exchanger to produce pure crystals of the saturated FAME in the winterization method may be effective in lowering the CFPP of the biodiesel (González Gómez et al., 2002; Kerschbaum et al., 2008). Other analyses in this method showed the reduction of CFPP of WCOME by 11K (Kerschbaum et al., 2008).
Doğan and Temur (Doğan and Temur, 2013) performed winterization of beef tallow biodiesel at 16.3°C, in which about 60 wt% of saturated FAME content was reduced, resulting in a reduction of CP and PP by 4°C and 7°C, respectively. Due to long-chain saturated FAME content (C20:0, C22:0, and C24:0) in peanut biodiesel (CP 20°C, PP 15°C, and CFPP 17°C), it shows a cold flow property with that of palm oil methyl ester (POME) despite having an almost equal amount of saturated FAME similar to soybean methyl ester (SBO) (Pérez et al., 2010).
Using Additives
Mixing suitable additives to improve the low-temperature characteristics of biodiesel is one of the more effective and efficient methodologies. Such additives are known as cold flow improvers (CFI). This process is convenient with significantly less investment (Chiu et al., 2004; Wang et al., 2014). CFI additives modify the agglomerative nature of the crystals in low temperatures, as well as transform their shapes from typical plate to needle-like. These smaller crystals do not face viscous resistance while flowing through the fuel filter and injector (Echim et al., 2012). The crystals are also incapable of forming gelation characteristics that disturb the pouring behavior of the fuel. Generally, the pour point depressant (PPD) type CFI additives are most effective for biodiesel (Chastek, 2011).
To observe the cold flow characteristics of WCOME, Wang et al. (Wang et al., 2014) considered four categories of frequently used PPD type CFI additives, namely: polymethyl acrylate (PMA), ethylene-vinyl acetate copolymer (EVAC), poly-α-olefin (PAO), and polymaleic anhydride (HPMA). Analyses showed that the addition of these CFIs of 0.04 wt% of the WCOME can effectively improve cold flow characteristics by reducing the CP, CFPP, and PP of the fuel. They reported that the effectiveness order of the additives is PMA>EVAC>PAO>HPMA, with the best contribution from PMA. The addition of CFI additives also influences the amelioration of both OSI and kinematic viscosity in favor of biodiesel operability. Leggieri et al. (Leggieri et al., 2018) used dimethyl azelate and triacetin as additives to improve FAME cold flow properties. However, they were only able to improve the CP slightly by 2–3°C. Dimethyl azelate alters the crystal formation to reduce the CP. Monirul et al. (Monirul et al., 2017) used poly(methyl acrylate) (PMA) to improve the cold flow properties of biodiesel-diesel blends. The authors reported that the addition of PMA improved PP, CP, and CFPP by 9, 3, and 8°C respectively. Senra et al. (Senra et al., 2019) studied the impact of glycerol-derived additives on biodiesel cold flow properties. The authors reported that the additives work as dilution, stop crystallization, and improve properties.
It has been shown that the addition of 1% v/v of PLMA to canola biodiesel would result in an optimal effective dose for improvement of the cold flow characteristics (Bozell et al., 2000). Although this fuel already possesses very low CP, PP, and LTFT, this can help to prepare binary or ternary blends with fuels that have higher cold flow parameters, for example, POME. The addition of up to 20% ethyl levulinate (EL), produced from esterification of levulinic acid (4-oxopentanoic acid) and ethanol to cottonseed oil methyl ester (CSOME) and poultry fat methyl ester (PFME) can reduce the CFPP from 5°C to 2°C and 4°C to 1°C, respectively. The ternary mixture of commercial CFI additives DEP, polyglycerol ester (PGE), laboratory-made CFI (PA) at ratios of 3:1:1 as well as 2:2:1 with a total dose content of 1% v/v could reduce the CFPP of POME (CFPP 16°C) by 7°C–i.e., reduced CFPP was found to be 9°C (Lv et al., 2013). This is one instance of the synergistic effect of additives blending to improve the cold flow property of fuel. Cold flow improver additives can also be prepared from the esterified derivatives of oleates and linoleates, or ring-opening reaction products due to epoxidation of these esters to adequately reduce the CFPP of biodiesel (De Torres et al., 2011). Kumar and Sharma (Kumar and Sharma, 2018) blended waste cooking biodiesel with ethanol at 2, 5, 10, 15, and 20% blend ratio. As ethanol contains lower PP and CP, blending with ethanol significantly reduced them for waste cooking biodiesel. The CP was reduced from 14.1 to 6.8°C and PP was reduced to 3.2 from 10.3°C.
Ozonized vegetable oils (0.5–1.5 wt%) could be considered as partially effective CFI additives for biodiesel fuels such as SFME, SBOME, RME, and POME (Soriano et al., 2006). The authors stated that ozonized vegetable oil (oz-VO) derived from the same source can be more effective in reducing the PP of biodiesel fuels–e.g., SFME, SBOME, and RME among others, with less effect on CP reduction. The higher amount of saturated FAME content in POME makes the oz-VO of palm oil ineffective to reduce the PP of POME, but the reduction of CP was observed from 18°C to 12°C. The authors explained through microscopic analysis that, the addition of oz-VO on the respective biodiesel forestalls the accumulation of crystals during temperature reduction by forming smaller regular-shaped crystals. As a result, the flow property is improved for biodiesel fuels.
Blending With Conventional Diesel Fuel
When biodiesel is blended with conventional diesel fuel, the overall quantity of FAME is reduced. Various types of biodiesels were blended effectively with diesel fuel such as palm oil, Jatropha curcas, Ceiba pentandra, Reutealis trisperma, Calophyllum inophyllum, etc (Ong et al., 2014; Dharma et al., 2016; Silitonga et al., 2019; Silitonga et al., 2020). As a result, the total effect of the biodiesel fuel property is changed from that of B100. Kim et al. (Kim et al., 2012) investigated the cold temperature (−16°C and −20°C) effect of various blends (B5, B10, and B20) of biodiesel fuels derived from soybean oil, waste cooking oil, rapeseed oil, cottonseed oil, palm oil, and Jatropha oil in both passenger car and light-duty truck engines. Based on the ‘start ability test’ and ‘drivability test’ for these samples, the researchers found that the B5 blends could pass the test for all of the test conditions. The other blends experienced some problems in these temperature ranges. Bencheikh et al. (Bencheikh et al., 2019) studied the effect of blending diesel with waste cooking biodiesel on cold flow properties. The authors reported that blending 80% diesel with 20% waste cooking biodiesel reduces CP, PP, and CFPP by 17, 21, and 21°C, respectively.
Nainwal et al. (Nainwal et al., 2015) reported that blending high CP and PP based jatropha methyl ester (CP 20.2°C, PP 18°C) as well as waste cooking oil methyl ester (CP 14.5°C, PP 13.7°C) with conventional diesel (DF2, CP 6°C, PP 5°C) at various ratios results in a reduction of CP and PP of the blends. The CP and PP of B20 blends were found to be 14.9°C and 14°C for JME as well as 12°C and 11.5°C for WCOME, respectively. The researchers explained the effect as a cause of the reduction of total saturated FAME in the blend. The addition of JME and WCOME with kerosene (DF1, CP −10°C, PP −11°C) also reduced the CP and PP of the biodiesel blends significantly. The CP and PP of B20 blends were found as −1°C and −2.2°C for JME as well as −10.5°C and 12°C for WCOME, respectively (Nainwal et al., 2015).
Bhale et al. (Bhale et al., 2009) investigated the effect of ethanol and kerosene blends on improving cold flow properties of mahua methyl ester (MME, CP 18°C, PP 7°C) in place of additives. This involved a blend of MME with 20% ethanol, and 20% kerosene for which the CP and PP reduced to 8°C, 5°C, and −4°C, −8°C, respectively. The researchers reported pour point depression from 7°C to −5°C for the mix of 10% ethanol and 10% kerosene blend but did not publish the CP. The PP reduction (from 7°C to −5°C) of MME fuel was comparable to that of adding 2% Lubrizol.
Addition of Branched-Chain Fatty Acid Alkyl Esters
Branched-chain fatty acid methyl esters (BC-FAME) can be used as additives (e.g., methyl iso-oleate and methyl iso-stearate) as well as diluents to reduce the CP and PP of biodiesel (Knothe et al., 2000; Knothe, 2005; Dunn et al., 2015). The saturated BC-FAME (Me iso-C18:0) showed a better effect than that of unsaturated BC-FAME (Me iso-C18:1) to improve the cold flow property of the POME, CME, and SME when used as additives (up to 2%). A similar trend of effectiveness was also reported when these BC-FAMEs were used as diluents. Up to 50% mix of Me-iso-C18:0 as a diluent reduced the CP and PP of POME, CME, and SME up to acceptable ranges. Since there is no comparison of combustion and emission performances of these diluent fuel mixtures, further investigation will be required to assess this method’s economic impact. Other branched-chain esters, e.g. isopropyl as well as 2-butyl esters of fats and oils, typically have better low-temperature flow properties than their corresponding straight-chain isomers (Knothe et al., 2000).
Etherification of glycerol by-product from the biodiesel production process leads to the production of ethers of glycerol, which is then mixed with the pure biodiesel. As a result, the CP of the fuel reduces to lower than 0°C, approximately −5°C without the addition of any CP reducing reagents. The authors (Noureddini, 2001) also found that the di- and tri-ether glycerol had better performance in reducing the cold flow property of the biodiesel. An overall dose of 12% ethers mixed with 88% methyl soyate can achieve the above-mentioned CP.
Blending of Biodiesels
To solve the problem of poor biodiesel properties, the blending of biodiesels is a simple but effective method. Biodiesels of various FAME profiles are blended to achieve the acceptable CP, CFPP and PP for a particular regional application in the engines. The blending of different types of biodiesels can resolve the shortcoming of some biodiesels to be used in the low-temperature environment (Silitonga et al., 2013; Silitonga et al., 2018; Ong et al., 2019). For instance, palm: rapeseed: soybean blends of 20:60:20, 20:80:0, 40:20:40, 40:40:20, and 40:60:0 showed CFPP of −6°C, −5°C, −2°C, −3°C, and −3°C, respectively (Park et al., 2008). Among these blends, the ternary blend of 20:60:20 (palm: rapeseed: soybean) shows the best cold flow property by making good use of the unfavorable palm (CFPP 11°C) and soybean (CFPP −3°C) oils with rapeseed (CFPP −20°C).
As per the data provided (Park et al., 2008), the total unsaturated FAME content of palm, rapeseed, and soybean biodiesel fuels are 54.26%, 92.88%, and 83.16%, respectively; for which the CFPP value from the above correlations could be found as 9.58°C, −19.172°C, and −4.53°C. The correlations show the variation of −12.9%, −4.14%, and +51% of the reported CFPP values for palm, rapeseed, and soybean biodiesel, respectively. Blending methyl oleate (MO) with POME also reduces the CP and CFPP of the fuel but reduces the OS of the fuel (Altaie et al., 2015; Dunn, 1999). Altaie et al., (2015) observed that the 50:50 (POME: MO) blend can significantly improve the cold flow behavior of POME by reducing its CP from 18°C to 5.33°C and CFPP from 16°C to 1.33°C.
Sbihi et al., (2018) reported that cold flow properties depended upon the saturated and unsaturated FAMEs. Saturated FAMEs have a higher melting point that deteriorates the cold flow properties. In order to reduce the saturated FAMEs, the authors blended Citrillus colocynthis oil biodiesel and Camelus dromedaries fat biodiesel. They reported that the blend reduced the saturated FAMEs and as a result, there was a significant improvement of cold flow properties. Furthermore, the authors also reported an improvement in cetane numbers due to blending.
Ghanei, (2014) blended castor oil methyl ester with conventional diesel fuel, canola methyl ester, and waste frying oil methyl ester to investigate the low-temperature properties CP and PP. The reference value for the blending ratio was determined based on the kinematic viscosity (≤6 mm2/s) at 40°C as per the ASTM D-6751 standard. Based on the investigation, the maximum amount of castor oil methyl ester content in the diesel, canola methyl ester, and frying oil methyl ester are 48%, 35%, and 58%, respectively. The CP of these blends were found as −9.57°C, −6.50°C, and −5.71°C, respectively, and the PP values, are found as −22.20°C, −14.14°C and −13.35°C, respectively, for castor-diesel, castor-canola biodiesel, and castor-frying oil biodiesel blends. This blending technique seems effective, as the process of blending the biodiesel fuels not only improved the low-temperature flow characteristics of the fuel but also kept the viscosity within the standard limit. As a result, the process of improving one property would not have an adverse effect on another fuel property.
CONCLUSION
Based on the information presented in this article, it can be clearly stated that both the oxidation stability and cold filter plugging point are the two key characteristics of biodiesel fuel. Both are dependent on the structure and quantity of FAMEs in the biodiesel but in a contrary manner. The cold flow properties have been observed as a considerable characteristic of fuel only in cold regions. Therefore, thermally susceptible fuels should be treated well by any of the effective methodologies presented here. In addition, the mixing of various methodologies could be significantly acceptable to optimize the result due to the necessity of using the most stable fuel in any environment. Winterisation of biodiesel resulted in the reduction of saturated fatty acid and thus improved cold flow properties. However, sometimes it may also influence biodiesel yield and the cetane numbers negatively. The polymethyl acrylate (PMA) additive improved the CFP by 3–9°C. Both the blending and mixing of CFI additives present potential candidates for improving the cold flow properties of any fuel or fuel blends. This review includes substantial knowledge that may aid in the selection of proper biodiesel for blending. In order to obtain both stable and improved low-temperature flow in biodiesel fuels, a combined methodology of blending for oxidation stability improvement and then the use of a CFI additive could be the most economical solutions.
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