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Abstract


This paper reviews selected biofuels that are currently in use, as well as fuels considered promising, for powering compression-ignition (CI) engines, including Common Rail systems. The review focuses on fuel properties, production pathways, operational compatibility, and the effects on engine performance and exhaust emissions. The objective is to systematize the current state of knowledge on biodiesel, hydrotreated vegetable oil (HVO), biomass-to-liquid (BtL), F-34, and sustainable aviation fuel (SAF), and to identify their key advantages, implementation constraints, and research gaps relevant to transport and power-generation applications. The paper compiles and compares published studies on fuel production routes and on the consequences of fuel use in CI engines with respect to performance and pollutant emissions. As an outcome, the available evidence is synthesized, fuels with the highest implementation potential are indicated in the context of emission reduction while maintaining required operational functionality, and priority areas for further research are highlighted, including the still insufficiently characterized effects of SAF on CI engine operation and emissions.
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1. Introduction


Compression-ignition (CI) engines currently account for the largest share of the global market for produced internal combustion engines. This is primarily due to their high thermal efficiency and broad applicability. On average, a CI engine achieves a thermal efficiency of approximately 45%, compared with about 40% for a spark-ignition engine. In 2024, the Chinese company Weichai Power developed a CI engine with a thermal efficiency of 53.09% [1]. This was achieved, inter alia, through improvements in the fuel supply system, optimization of the pressure ratio between boost (delivery) pressure and intake pressure, and the adoption of technological solutions aimed at reducing friction between cooperating components. Consequently, CI engines can be considered prospective, as increasing efficiency translates into lower fuel consumption and, therefore, reduced emissions of toxic exhaust constituents [2].



A major contribution to reducing the concentrations of emitted toxic exhaust components was the introduction of Common Rail fuel-injection systems. These systems enabled flexible control of injection timing and metering of the injected fuel quantity (as a function of engine operating conditions). A key advantage is the capability to split injection into multiple phases. This approach allows combustion parameters to be controlled, thereby enabling an effective reduction in the emission of toxic exhaust constituents. Owing to these features, the Common Rail system is the most widely applied fuel-injection system in modern compression-ignition engines [3].



In addition to emissions and operating economy, the long-term viability of CI engines is determined by another factor: fuel availability. Since the development of the CI engine concept, the primary fuels used have been hydrocarbon fuels derived from crude oil processing. Crude oil is a fossil resource with finite reserves. It is currently projected that, under an energy-security policy that does not simultaneously implement climate policy, crude oil reserves will be depleted by the end of the 21st century [4].



The availability of hydrocarbon fuels is also strongly dependent on the global geopolitical situation. It is evident that countries with the highest crude oil production exert the greatest influence on petroleum fuel prices. As a result, crude oil availability and price are inevitably used as leverage to exert pressure on other countries in order to secure benefits for oil-producing states. Examples include the oil crisis following the Yom Kippur War in 1973 between Egypt and Syria and Israel. At that time, Arab OPEC countries condemned U.S. military support for Israel and announced a 5% reduction in oil production while increasing the price per barrel by 17%. This led to an oil crisis affecting all highly industrialized countries and those dependent on crude oil supplies. Crude oil supply can also be indirectly affected by social transformations in oil-producing countries, where political and social upheavals have reduced production volumes; a notable example is the Iranian Revolution at the turn of the 1970s and 1980s. The evolution of crude oil prices is shown in Figure 1, which presents price changes together with key historical events influencing these trends [5,6].



Moreover, global population is projected to exceed 9 billion by 2050. This is directly associated with increased fuel demand, as population growth implies higher global flows of goods and passengers [7]. Over recent decades, energy consumption—predominantly generated through the combustion of fossil fuels—has increased dramatically. This trend is mainly attributed to rising living standards and ongoing industrialization [8].



Approximately 98% of energy production is associated with greenhouse gas emissions to the atmosphere, and about 80% of this energy is derived from fossil fuels [9]. At present, roughly half of the carbon dioxide released to the atmosphere as a result of fossil fuel combustion is not absorbed by vegetation and therefore remains in the atmosphere [10]. Atmospheric CO2 concentrations continue to increase because additional carbon is introduced into the atmosphere that had previously been sequestered in coal and crude oil deposits deep below the Earth’s surface. Combustion of carbon from these deposits increases the total amount of CO2 circulating within the ecosystem [11]. An energy transition from primary (fossil) fuels to renewable sources can significantly curb temperature rise associated with the greenhouse effect [12].



Due to the need to mitigate climate change and to reduce dependence on fuels derived from non-renewable resources, interest in alternative fuels has increased substantially, particularly those produced from renewable feedstocks. To meet increasingly stringent requirements regarding exhaust emissions and fuel availability, fuels originating from renewable sources—such as biofuels—have increasingly become the subject of engineering research [13]. The concept of using biofuels to power internal combustion engines dates back to the late 19th century, when Rudolf Diesel designed his engine with the intention of operating it on oil produced from processed peanuts [14]. In the 1930s and 1940s, and especially during World War II, biofuels took the form of vegetable oils that were used as an emergency substitute for diesel fuel [15].



By definition, an alternative fuel is any fuel that can be applied from a technical standpoint to reduce the demand for a dominant conventional fuel. In common usage, the term typically refers to fuels whose deployment reduces the consumption of petroleum-derived fuels. Alternative fuels were explicitly defined in 1992 in the Energy Policy Act (EPAct). According to EPAct, alternative fuels include: natural gas and liquid fuels derived from natural gas, blends containing 85% or more alcohol with gasoline (by volume), liquefied petroleum gas, coal-derived liquid fuels, hydrogen, and biofuels [16].



However, the long-term development prospects for CI engines remain constrained by declining fossil fuel reserves, geopolitical instability affecting supply, and adverse climate impacts. Consequently, the importance of alternative fuels—particularly those of renewable origin—continues to grow. Biofuels (originally envisaged as the primary fuel by Rudolf Diesel) currently represent a practical alternative that enables the adaptation of existing infrastructure toward transport decarbonization.



Research on alternative fuels should focus on combustion characteristics, formulation of optimal fuel compositions, and engine calibration strategies for engines operated on alternative fuels, in order to ensure compatibility, high efficiency, and compliance with current exhaust emission regulations. The development of CI engine technology in combination with low-emission fuels may play a significant role in the fuel transition of the transport sector.



Given the intensive research activity in the field of alternative fuels, the aim of this paper is to review biofuels in the context of their use in compression-ignition engines equipped with Common Rail systems. This approach facilitates identification of potential directions for further research and development in this area.



The paper first discusses biodiesel due to its widespread use and, consequently, the largest production volume. Next, hydrotreated vegetable oil (HVO) is presented as the second most commonly used biofuel; in Western European countries it is widely available at filling stations. Subsequently, the characteristics of biomass-to-liquid (BtL) fuels are described. The following chapter addresses aviation fuel Jet A-1 and its military variant F-34, as these fuels are used in military vehicles as alternatives to diesel fuel. Finally, sustainable aviation fuels (SAFs) are presented as aviation-fuel-type products manufactured from renewable feedstocks.



The literature review within the above scope was conducted according to the methodology shown in Figure 2. First, the objective of the literature review was defined. Subsequently, available scientific studies addressing fuels such as biodiesel, HVO, BtL, Jet A-1, F-34, and SAF were examined. Criteria were then established according to which the fuels were described and compared: physicochemical properties, production methods, drawbacks and limitations, and compatibility with compression-ignition engines. Finally, a multi-criteria assessment of each fuel was performed.




2. Biodiesel


2.1. Properties


Biodiesel is a fuel composed of monoalkyl esters of long-chain fatty acids. It is produced from renewable, biogenic resources, i.e., vegetable oils and animal fats [17]. Moreover, it represents a promising alternative to conventional diesel fuel, primarily due to its potential for carbon neutrality [18]. It meets low-emission requirements well and is relatively inexpensive to synthesize. Another important advantage is the flexibility in selecting feedstocks for biodiesel production [19,20]. Biodiesel is also attractive from a research perspective because sulfur is absent from the raw materials used for its production. In addition, it is biodegradable and non-toxic. Owing to its higher autoignition temperature, biodiesel is considered safer with respect to transport and distribution [21,22,23].



Compared with diesel fuel, biodiesel typically yields lower particulate matter emissions—by approximately 40%—while CO emissions are reduced by about 44% and hydrocarbon emissions by up to 86% [24]. Due to the presence of oxygenated species, which account for approximately 11% of the fuel molecule, biodiesel tends to burn more completely. Conventional diesel fuel contains no oxygen in its chemical structure; therefore, under certain conditions incomplete combustion may occur, leading to increased emissions of toxic exhaust constituents. The permissible sulfur content in diesel fuel is 10 ppm according to EN 590 [25], and the same limit applies to biodiesel. In practice, however, vegetable-oil-derived biodiesel exhibits a substantially lower actual sulfur content than diesel fuel, due to the absence of sulfur in the feedstock and the applied purification processes. Consequently, when biodiesel is used instead of diesel fuel, sulfur-compound emissions are markedly reduced [26]. Because sulfur oxides are essentially absent from the exhaust, the risk of acid rain formation is reduced. In addition, emissions of substances considered carcinogenic—such as benzene, toluene, and ethylbenzene—are decreased [27].




2.2. Raw Materials for Biodiesel Production


Feedstocks used for biodiesel production are classified into four categories corresponding to successive generations. The first three generations differ in terms of the source from which the feedstock is obtained and its prior industrial use. These generations are based on naturally occurring feedstocks, whereas fourth-generation feedstocks originate from synthetic sources [28].



First-generation feedstocks comprise edible oils. Thus, biofuels of the first generation can be produced from, inter alia, rapeseed, soybean, palm, sunflower, and coconut oils [29]. The most important characteristics of the most widely used feedstocks of this generation are summarized in Figure 3. These oils are food-grade products, which accounts for their widespread global availability. High accessibility and relatively low production costs are clear advantages. However, large-scale use of such feedstocks may increase the prices of edible oils due to increased demand. In addition, it may intensify deforestation in order to secure new agricultural land for cultivation of oil crops used as feedstocks for vegetable oil production [30].



Second-generation biodiesel is produced from feedstocks that are not suitable for human consumption, e.g., due to the presence of toxic compounds. Examples include non-edible energy crops, non-edible oils, agricultural and municipal wastes, waste oils, and algae [38]. A clear advantage of second-generation feedstocks is the absence of competition with the food sector. A rapid increase in demand for these materials does not affect food prices or food supply. In addition, crops used for this purpose are generally undemanding in cultivation; therefore, they can be grown on less fertile soils for which demand is lower [39]. Another feature that makes such feedstocks attractive from an industrial perspective is the generation of valuable by-products through transesterification [29].



Among second-generation feedstocks, used cooking oil is considered particularly environmentally favorable. It consists of glycerol esters containing a mixture of fatty acids, which are soluble only in organic solvents [40]. In many regions, collection and recycling systems for used cooking oils are not well developed. As a result, substantial quantities are discharged into soil, leading to contamination. This problem affects, for example, countries such as Indonesia. In highly developed countries such as Japan, the issue of used cooking oil also exists; however, it is more related to the underutilization of its potential rather than soil pollution. In large Japanese cities, used cooking oil is collected from users and then disposed of by incineration in dedicated facilities. This represents a loss of potential, given the possibility of using these materials for biofuel production. When a biofuel is combusted in an internal combustion engine, the chemical energy contained in the molecules is utilized, and the released energy is ultimately converted into useful work for vehicle propulsion rather than into heat that is simply dissipated to the atmosphere. In smaller towns and rural areas, waste cooking oil is often discharged into the sewage system, which also constitutes a loss of its potential value [41]. It is estimated that approximately 540,000 tons of waste edible oil are generated in Malaysia and released into the environment in a manner similar to that observed in Indonesia. Given the ongoing increase in global population, the amount of waste cooking oil generated is expected to rise further; therefore, it represents a highly promising alternative to both crude oil and first-generation feedstocks [40]. A major drawback of biodiesel produced from first-generation feedstocks has been the high cost of the feedstock itself, which after processing results in a fuel that is more expensive than conventional diesel fuel. Waste edible oil is approximately 2–3 times cheaper than fresh vegetable oil. The retail price of biodiesel is largely determined by feedstock cost, which accounts for approximately 75–90% of total production costs [42].



Third-generation feedstocks include various algae and microorganisms. Numerous studies have shown that microalgae are a rich source of diverse carbon-based compounds that can be used in multiple sectors, including the pharmaceutical, petrochemical, and agricultural industries [43]. Microalgae are a source of, among others, β-carotene, chlorophyll, polysaccharides, proteins, and lipids. The latter can be divided into polar and non-polar fractions. Polar lipids form cellular membranes, whereas non-polar lipids—comprising acylglycerols and free fatty acids—serve as an energy reserve [44]. Fatty acids present in microalgae typically contain 12 to 22 carbon atoms, and the number of carbon atoms in the molecule largely determines both the quality and yield of this feedstock for biodiesel production. Due to high photosynthetic efficiency in biomass formation, microalgae represent a promising lipid source that does not affect food supply (unlike first-generation feedstocks) and does not require large areas of arable land (unlike some second-generation feedstocks) [45].



Microalgae exhibit higher productivity compared with other oil-bearing crops. Relative to oil palm, microalgae can produce up to 25 times more oil. As noted above, a key factor affecting the final biodiesel price is the cost of obtaining the feedstock. Microalgae harvesting is relatively simple and inexpensive, and cultivation itself is also not costly. Moreover, microalgae can be grown in a variety of environments that are unsuitable for cultivation of conventional crops.



One approach to microalgae cultivation is production in open pond systems, as shown in Figure 4. In this system, microalgae are cultivated in shallow water ponds (approximately 15–30 cm) to ensure adequate illumination of the cells. Water motion is induced by mixers, and the flow velocity is typically maintained at 0.15–0.30 m/s, which promotes mixing of microalgal cell layers and limits sedimentation [46]. Inoculation is performed using starter cultures such as Nannochloropsis or Chlorella, followed by nutrient supply to the pond, including nitrogen, phosphorus, and trace elements. To enhance productivity, CO2 is dosed into the water, which also enables pH control [47]. Once the produced biomass reaches the target concentration, microalgae are allowed to settle, followed by mechanical dewatering. Due to the relatively low cell concentrations in open ponds, this downstream processing is comparatively costly [48].



Microalgae can also be produced in photobioreactors (PBRs), which are complex systems of tubes or panels designed to maximize the surface-to-volume ratio, thereby increasing microalgal biomass growth [49]. Unlike open ponds, PBRs enable tight control of pH, temperature, CO2 supply, light intensity and distribution, as well as optimized mixing and aeration. PBR systems reduce contamination of cultivated cultures and allow stable enhancement of cellular lipid content through controlled access to light and nitrogen [50]. An example of a tubular photobioreactor (PBR) is shown in Figure 5.



Microalgal growth is highly intensive, and biomass can double within 24 h. In addition to lipids, microalgae cultivation generates valuable co-products such as biopolymers, proteins, carbohydrates, and residual biomass, which enables the utilization of post-processing residues for animal feed or fertilizers. During cultivation, the use of herbicides and pesticides is not required [52].



In this review, third-generation feedstocks comprise microalgae and microorganisms used as lipid sources based on natural or selectively bred strains, whereas the fourth generation refers to an approach in which genetic modification and metabolic engineering play a key role in improving growth productivity, CO2 uptake, and the accumulation of lipids or hydrocarbons. The literature indicates that the fourth generation is associated with the use of genetically modified organisms (GMOs) to increase productivity and potentially achieve a more favorable environmental balance, while also emphasizing regulatory and deployment barriers. Through genetic modification, it becomes possible to cultivate plants under adverse weather conditions. However, detailed information on such genetic modifications is limited because it is often protected as proprietary know-how [53].



In the context of fuels, the objectives of microalgal metabolic engineering most commonly focus on increasing carbon flux toward lipid biosynthesis, primarily triacylglycerols (TAG). Review studies describe strategies that include:




	
modifying fatty-acid synthesis and the TAG pathway (the so-called Kennedy pathway),



	
enhancing the expression of enzymes that are critical for TAG synthesis,



	
suppressing competing pathways (e.g., carbohydrate accumulation),



	
inhibiting lipid catabolism to limit lipid degradation [54,55].








For example, experimental studies on model microalgae (e.g., Nannochloropsis) indicate that genetic interventions (such as DGAT overexpression) can significantly increase TAG content and modify the fatty-acid profile, which is directly relevant to the quality of lipid feedstocks for producing esters (FAME—Fatty Acid Methyl Esters) or paraffinic components after hydroprocessing [56].



Another important research direction is the regulation of metabolism through stress conditions (e.g., nitrogen limitation) while simultaneously using metabolic engineering tools to mitigate the typical trade-off between biomass growth and lipid accumulation. The literature emphasizes that stress (particularly nitrogen stress) promotes TAG accumulation but often reduces growth rate; therefore, genetic and process strategies are being developed to maintain biomass productivity at elevated lipid contents. In parallel, genome-editing tools are being intensively developed, enabling precise modifications of metabolic pathways and accelerating the development of strains with desired traits [57,58].



Despite promising laboratory results, the industrial-scale deployment of fourth-generation feedstocks remains limited. Reviews indicate that, beyond biology itself, key techno-economic factors typical for microalgae remain critical, including the energy intensity and costs of harvesting, biomass thickening, and lipid fraction extraction and purification [54,59]. In addition, for GMOs there are constraints related to biosafety, culture stability and contamination risk, as well as regulatory conditions governing the use of genetically modified organisms (particularly in open systems). Consequently, the literature indicates that transitioning from laboratory results to large-scale production requires parallel progress in process engineering (cultivation systems, separation, and energy integration) and in the assessment of environmental risks [53].



From the perspective of this review (CI engines and low-emission fuels), the relevance of the fourth generation lies primarily in its potential to increase the supply of lipid feedstocks for the FAME/HEFA pathways or, in the longer term, to enable targeted production of “drop-in” hydrocarbon molecules. At the same time, according to the literature, the current state of fourth-generation technologies should be regarded as a developmental stage, the deployment maturity of which depends on successfully addressing scale-up challenges, unit costs, and regulatory requirements [30,53,59].




2.3. Methods of Obtaining


There are several pathways for converting organic compounds into biodiesel with properties comparable to those of diesel fuel. Biodiesel can be produced using the following methods:




	
transesterification,



	
cracking,



	
microemulsification,



	
pyrolysis.








It should be emphasized here that these methods apply exclusively to biodiesel. The approaches described in this subsection concern ways of converting lipid-based feedstocks so as to enable their practical use in compression-ignition engines.



Transestrification



The most widely used method for biodiesel production is transesterification [60]. Transesterification is a chemical reaction in which a triglyceride is converted to a diglyceride and subsequently to a monoglyceride, which forms methyl or ethyl esters. These esters constitute the fuel referred to as biodiesel [61]. The main types of transesterification processes are shown in Figure 6 [62].



The overall transesterification reaction is presented below. It consists of three consecutive, reversible reactions; the mechanism of these reactions is described below [61,63].


  T r i g l y c e r y d e s + R O H   ↔ D i g l i c e r y d e s +   R   1   C O O R  



(1)






  D i g l y c e r y d e s + R O H   ↔ M o n o g l i c e r y d e s +   R   2   C O O R  



(2)






  M o n o g l y c e r y d e s + R O H   ↔ G l y c e r o l +   R   3   C O O R  



(3)







These reactions proceed in the presence of a catalyst, which is applied to increase the reaction rate [17]. Catalysts may be basic, acidic, or enzymatic in nature [64]. After completion of the esterification/transesterification step, the final products include not only the ester phase but also crude glycerol. Owing to the wide range of technical applications of glycerol, it is recovered from crude glycerol. Approximately 1 kg of glycerol is generated per 10 kg of produced biodiesel, and it is used, among others, in the cosmetics industry [65].



Pyrolysis



Pyrolysis is the thermal decomposition of organic materials under oxygen-free conditions. The process is typically carried out within a temperature range of 300–900 °C. The oxygen-free environment prevents combustion of the pyrolysis products. During pyrolysis and the associated decomposition of biomass, solid products (char), liquid products (an aqueous phase, an organic phase, and tars), and non-condensable gases are formed. This process is effective for producing liquids (referred to as pyrolysis oil or bio-oil) and char [66].



Pyrolysis can be performed under various conditions. By adjusting process parameters such as temperature, heating rate, residence time, pressure, or by employing a catalyst, the properties of the resulting products can be controlled [67]. To obtain a condensable product, biomass should be exposed to high temperatures for a short period. In contrast, to maximize gaseous products, biomass should be subjected to high temperatures over a longer time. When the objective is to obtain solid products, the reaction should be conducted for a prolonged period at a relatively lower temperature [68].



Liquids produced by pyrolysis are commonly referred to as bio-oil or pyrolysis oil. It is a viscous, dark-brown liquid containing numerous oxygenated polar compounds, formed via condensation of gaseous products [69]. Several pyrolysis modes are distinguished and are most often classified based on the heating rate (HR), expressed as the increase in temperature per unit time (°C/s). Accordingly, the following categories are typically defined:




	(a)

	
slow pyrolysis, HR < 1;




	(b)

	
intermediate pyrolysis, HR = 1–100;




	(c)

	
fast pyrolysis, HR = 100–1000;




	(d)

	
flash pyrolysis, HR > 1000 [70].









Fast pyrolysis is used to produce bio-oil. Bio-oil obtained immediately after pyrolysis cannot be used directly as a biofuel. This is due to its two-phase nature, consisting of an aqueous phase and an organic phase. This composition results from the use of moist feedstock for pyrolysis, where water is released during processing. Only after phase separation can one of the fractions—the organic phase—be considered for use as a biofuel. It may also be subjected to upgrading to obtain a higher-quality fuel. The aqueous phase contains various chemicals, such as acetic acid and hydroxy acetone, which can be recovered and utilized in the chemical industry [71]. A schematic of reaction pathways occurring during wood pyrolysis is shown in Figure 7.



Mineral oils contain oxygen only in trace amounts (on the order of a few ppm). In contrast, bio-oils typically contain approximately 35–40% oxygen, which contributes, among other factors, to their high polarity [72]. Pyrolysis is a relatively simple and efficient process enabling rapid production of targeted products by appropriate selection of operating conditions; however, it also presents challenges. In particular, the high oxygen content and limited thermal stability of bio-oils necessitate further processing and upgrading [73].





[image: Energies 19 02318 g007] 





Figure 7. Reaction pathways occurring during wood pyrolysis [74]. 






Figure 7. Reaction pathways occurring during wood pyrolysis [74].
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Biodiesel produced via pyrolysis can, in principle, be used in compression-ignition engines; however, it is generally regarded as a low-value fuel. This is due to the inevitable removal of oxygen during thermal processing at the production stage, which eliminates the key environmental benefit associated with the use of an oxygenated fuel [75]. In addition, compared with petroleum diesel, its lower heating value, lower volatility, and higher thermal instability may preclude its application in certain compression-ignition engines [76]. Biodiesel production from bio-oil also requires appropriate distillation equipment to separate individual liquid fractions. Despite various upgrading measures applied during processing, the resulting fuel may in some cases exhibit a composition closer to gasoline than to diesel fuel; moreover, sulfur-containing constituents may be present, which undermines the environmental performance of the fuel [77,78].



Micro emulsification



Emulsification and micro emulsification of bio-oil represent one approach to addressing issues arising from the inferior properties of bio-oil compared with petroleum diesel. Bio-oil is characterized by lower oxidative stability, poorer low-temperature properties, and higher NOx emissions [79].



According to IUPAC (International Union of Pure and Applied Chemistry), a microemulsion is a dispersion of water, oil, and a surfactant forming an isotropic and thermodynamically stable system with a dispersed-domain diameter in the range of 1–100 nm, most commonly 10–50 nm [80]. Due to the high viscosity of crude vegetable oil, it is not suitable for direct use as a fuel in compression-ignition engines equipped with Common Rail injection systems. A simple method to reduce its viscosity is micro emulsification. This process involves mixing vegetable oil with an alcohol (or water) and a surface-active agent (surfactant). A surfactant is a chemical compound that reduces the surface tension of a liquid or the interfacial tension between two liquids. To improve the properties of micro emulsified fuels, cetane improvers are also added [81].



This method has a distinct advantage relative to others: no chemical reactions occur. In addition, microemulsions can provide improved spray quality and enhanced mixing of fuel with air. This is attributed to micelles, which contain components with low boiling points. During injection into the combustion chamber, rapid phase change of micellar components to the gas phase can induce micro-explosions [82]. A micelle surrounded by a higher-boiling liquid (in the case of biofuels, e.g., vegetable oil) promotes secondary atomization of the surrounding liquid into smaller droplets. As a result, the atomized oil absorbs heat through a larger surface area and evaporates more rapidly. This phenomenon improves combustion efficiency, which translates into reduced fuel consumption and improved overall efficiency of compression-ignition engines [83].



It has been shown that using water as an additive to bio-oil enables effective control of NOx emissions in compression-ignition engines. The presence of water reduces in-cylinder temperature due to heat absorption associated with water’s high specific heat capacity and high latent heat of vaporization. Lower combustion temperatures directly reduce the NOx formation rate. The mechanism of micro-explosion during heating of fuel microemulsion droplets containing water at different concentrations is illustrated in Figure 8, Figure 9 and Figure 10 [78].



Relative to neat vegetable oils, microemulsions exhibit lower viscosity, higher cetane number, and improved atomization. However, prolonged use of micro emulsified biofuels in engines may lead to issues such as injector needle sticking, incomplete combustion, or carbonaceous deposit formation in the combustion chamber [78].



Studies on biodiesel–water emulsions have shown that increasing water content in the emulsion increases the combustion rate, particularly under full-load conditions. This is attributed to higher in-cylinder temperatures, which promote more intense micro-explosions of water droplets within the emulsion [84]. As shown in Figure 8, changes in the emulsion droplet are visible from the onset of heat delivery to the heater, with boiling occurring rapidly. This is related to the lower thermal inertia of an emulsion of this composition. The specific heat capacity of biodiesel is substantially lower (1774 J/kg·K [85]) than that of water (4180 J/kg·K [86]). Figure 9 presents the ignition process of an emulsion droplet containing 10% water. A delay in the onset of boiling is evident, and ignition occurs approximately 0.5 s later compared with a droplet containing 5% water. A similar trend was observed for an emulsion containing 20% water: boiling and ignition occurred even later, as shown in Figure 10, with ignition occurring 0.750 s later than for the emulsion containing 10% water. Furthermore, the results indicate that emulsions with water content up to 18% can be used without risking a loss of combustion stability [84].



Dilution and blending



The direct use of vegetable oils to fuel compression-ignition engines is unfavorable both in terms of storage and distribution and with respect to engine durability. This results from the high viscosity of vegetable oils, their acidic character, and the presence of free fatty acids. In addition, during storage and combustion of vegetable oils, tar-like compounds are formed due to polymerization of constituent species. These effects ultimately contribute to thickening of the engine lubricating oil. Degradation of vegetable oil during storage and incomplete combustion remain major issues that have so far precluded their direct application as fuels [87].



To enable the use of vegetable oils in compression-ignition engines, dilution with materials such as diesel fuel or ethanol is applied. This reduces the viscosity and density of the vegetable oil, improving its suitability as a fuel. In this way, engine torque can be increased while reducing brake specific fuel consumption relative to operation on neat vegetable oil. However, studies of ethanol–vegetable oil blends have shown that ethanol addition promotes combustion of the blend due to ethanol’s lower boiling point [88].



Studies investigating the performance and emissions characteristics of compression-ignition engines fueled with neat vegetable oil, biodiesel, and diesel fuel have shown that vegetable oils have higher viscosity than diesel fuel. They are also more reactive toward oxygen and exhibit higher cloud and pour points. Nevertheless, vegetable oils and their biodiesels can provide lower engine noise and reduced emissions of particulate matter, hydrocarbons, and carbon monoxide, albeit with a slight increase in nitrogen oxides. Fuel blending allows a compromise between performance and toxic exhaust emissions; specifically, a vegetable-oil/diesel blend at 25/75, and similarly a biodiesel/diesel blend at 20/80, were reported to yield the most favorable overall results in this regard [89].



Not every vegetable oil is suitable for blending with diesel fuel. Past attempts to use a 25/75 sunflower oil/diesel blend in compression-ignition engines were unsuccessful because the blend was unsuitable for long-term storage. This was attributed to its high viscosity at 313 K (4.88 cSt), exceeding the ASTM maximum viscosity at this temperature (4.0 cSt) [90].




2.4. Drawbacks and Limitations


Although biodiesel offers certain advantages over petroleum-derived diesel fuel, it also exhibits drawbacks and limitations. Clear advantages of FAME biodiesel relative to diesel fuel include a higher cetane number, lower aromatic content, and improved lubricity [91]. For FAME fuels, feedstock cost dominates the economic balance: approximately 70–90% (depending on the feedstock used) of total production cost is associated with the feedstock. When assessing fuel price and environmental impacts of production, the analysis should not be limited to the manufacturing process alone, but should adopt a broader “cradle-to-grave” perspective. This implies including the costs and impacts associated with feedstock production and harvesting, transport, pre-processing (e.g., oil extraction), fuel production, and subsequent distribution [92,93]. A schematic of such an assessment is shown in Figure 11.



Used cooking oil and animal fats are indeed relatively inexpensive feedstocks; however, the increased complexity of their processing makes production more costly than biodiesel manufactured from edible oils [32]. Waste cooking oils and animal fats typically contain substantially higher levels of free fatty acids than refined vegetable oils. When conventional base-catalyzed transesterification is applied, free fatty acids react with the base, forming soaps. These soaps reduce the yield of fatty acid methyl esters and, moreover, stabilize emulsions, which makes phase separation of the transesterification products difficult. For this reason, an acid esterification pretreatment step is commonly applied prior to base transesterification to reduce the free fatty acid content and thereby minimize soap formation. This operation, however, increases the production costs of second-generation biodiesel and requires specialized equipment to conduct the process. In the case of first-generation biodiesel, the primary driver of high production cost is the high price of the feedstock. For third-generation biodiesel, the supply chain for feedstock production is not as mature as for the first two generations. Feedstock supply scale is important: the greater the feedstock availability, the lower its cost. If the feedstock is inexpensive, the final fuel product is also less expensive [95,96,97].



A key factor influencing both environmental performance and production costs is the catalyst used in the conversion process. Selection of an appropriate catalyst can reduce energy consumption during production and decrease the amount of generated waste (through higher process efficiency in the presence of the catalyst) [98].



FAME biodiesel exhibits limited oxidative stability. Unsaturated fatty acids in methyl esters readily oxidize during storage when exposed to air. This leads to an increase in acid number and the formation of peroxides, resins, and aldehydes. Oxidation of FAME results in deposit formation and darkening of fuel color, which in turn impairs filtration and increases fuel corrosivity. The presence of polyunsaturated fatty acids, trace amounts of metals such as copper, sodium, iron, or potassium, excessively high storage temperatures, and long storage durations further accelerate fuel oxidation [99,100,101].



At lower temperatures, saturated monoglycerides, trace glycerol, and metal soaps formed during production may crystallize in biodiesel. The presence of these species increases the cloud point and cold filter plugging point (CFPP), creating operational issues in cold climates or under winter conditions. Deterioration of low-temperature properties is also promoted by excessively long storage without quality control of the stored batch [102,103,104].



Another limitation of biodiesel is its hygroscopicity, which is higher than that of diesel fuel. As water uptake progresses, microbial biofilms may form at the fuel–water interface. These microorganisms produce organic acids that cause corrosion of storage tanks and other elements of the fuel system. Consequently, water absorption leads to biological sludge formation, accelerated corrosion of tank bottoms and fuel lines, impaired filtration, and fuel quality instability. With increasing water content and the absence of regular water drainage, the intensity of fuel system degradation increases [105,106,107].



A further drawback that complicates biodiesel use in older engines is its interaction with metals and elastomers. Biodiesel can accelerate corrosion of certain metals, such as brass or copper, whereas stainless steel is resistant. Corrosion intensity is affected by the concentration of acids formed during fuel oxidation, the presence of water, temperature, and the duration of fuel–material contact [108,109,110]. Seals are critical components of fuel systems, and their susceptibility to biodiesel can lead to loss of tightness. Some elastomers may soften, swell, or lose mechanical integrity after prolonged exposure to biodiesel. This is attributed to the polar nature of methyl esters and their ability to extract plasticizers from polymers, which may cause seals to harden and become brittle [111].




2.5. Compatibility with Compression-Ignition Engines


Biodiesel is one of the earliest developed biofuels and remains the most mature to date. Nevertheless, it has certain disadvantages that prevent its universal use as a 100% substitute for conventional diesel fuel. One of the key issues associated with FAME biodiesel is the formation of internal deposits and deposits on injector tips. This is particularly critical for high-pressure, multi-hole injectors used in third- and fourth-generation Common Rail systems, where injection pressures exceed 205 MPa [112,113]. In FAME fuels, the main contributors to deposit formation include mono- and diglycerides and metal soaps containing sodium, potassium, calcium, or magnesium. Contamination of nozzle orifices can have several serious consequences. Changes in the area and geometry of injector orifices alter spray penetration and increase spray asymmetry, which contributes to increased particulate matter emissions. Fuels with elevated metal content promote formation of dry deposits on the injector tip; an example is shown in Figure 12a.



In addition, deposits on the external surface of the nozzle tip may increase the active area available for adsorption or condensation of hydrocarbons, which in turn can lead to higher emissions of unburned hydrocarbons. Due to hydrocarbon adsorption, injector-tip deposits may appear “wet”. An example of this type of deposit on the nozzle tip is shown in Figure 12b. Non-uniform fuel atomization and variations in injected fuel quantity among individual injectors may result in a loss of engine power and increased noise emissions during operation. To limit the extent of this problem, fuel standards—e.g., EN 14214 [115] have been introduced to restrict the content of monoglycerides and specific metals [113,114,116].





3. Hydrotreated Vegetable Oil


Hydrotreated vegetable oil (HVO) is a biogenic fuel produced by hydrotreating vegetable oils or animal fats. Hydrotreating involves the addition of hydrogen to the vegetable-oil feedstock [117]. Chemically, HVO is a mixture of n-alkanes and isoalkanes within the boiling range of conventional diesel fuel. Unlike FAME, HVO contains no esters or other components prone to degradation. Due to its higher price and limited availability, this fuel is not yet widely used [118]. The European Commission estimates that by the end of 2025, HVO production in the European Union will reach 32 million tons per year, with forecasts indicating an increase to 39 million tons per year by 2030. In the United States, HVO production tripled over the last three years and reached 7.4 million tons in 2024. The largest HVO producers in Europe are the Netherlands, Finland, Sweden, France, Spain, and Italy. In Poland, completion of an HVO production facility with a capacity of up to 300 thousand tons per year is planned for 2025. Nevertheless, the market share of this fuel is expected to remain limited: annual consumption of liquid and gaseous transport fuels in Poland (diesel fuel, gasoline, LPG) is approximately 27.5 million tons, hence HVO would account for about 1.1% of the domestic fuel market [119,120,121].



3.1. Properties


As a result of hydrotreating, HVO has a chemical composition similar to diesel fuel and is fully miscible with diesel, enabling its use in compression-ignition engines without hardware modifications. As a paraffinic fuel with low contents of polar and aromatic species, neat HVO may exhibit reduced lubricity unless treated with additives. Therefore, in practice, lubricity must be controlled and improved either by using lubricity additives (friction modifiers) or by appropriate blending with other fuel components. Failure to ensure adequate lubricity may accelerate wear of fuel-injection system components, including injectors and the high-pressure pump in Common Rail systems [122,123].



Compared with conventional diesel fuel, HVO typically has a higher hydrogen content and a slightly higher lower heating value on a mass basis; however, due to its lower density, it exhibits approximately 5% lower volumetric energy density. Moreover, HVO is characterized by a higher cetane number than diesel fuel and a narrower (lower) boiling-range distribution, which is an important feature. A lower boiling range promotes faster evaporation in the combustion chamber, resulting in a shorter ignition delay and thus improved combustion efficiency—an effect that is particularly evident for HVO at low and medium engine loads [124].



The use of HVO reduces emissions of hydrocarbons, carbon monoxide, and particulate matter. The reduction in particulate emissions is especially pronounced at low ambient temperatures. However, changes in NOx emissions relative to diesel fuel have not been unambiguously established. Some authors report that HVO reduces NOx emissions, whereas others observe an increase or a negligible effect [125]. Table 1 summarizes the key properties of HVO, FAME, and diesel fuel. The comparison clearly indicates that HVO offers advantages over the other fuels in several respects: its cetane number is substantially higher than that of diesel fuel and FAME, and its mass-based heating value is also higher. HVO is inferior only to diesel fuel in terms of volumetric heating value [126].




3.2. Methods of Obtaining


The most important stage in HVO production is hydrotreating, i.e., the reaction of biomass with hydrogen at elevated temperature, under suitable pressure, and in the presence of catalysts. Hydrogen is used to remove oxygen atoms and double bonds from the triglyceride structure [127]. The hydrotreating feed consists of fatty-acid triglycerides, which can be classified as simple or mixed. Simple triglycerides contain three identical fatty acids, whereas mixed triglycerides comprise three different fatty acids. Fatty acids can in turn be classified according to the presence and number of double bonds as saturated, monounsaturated, or polyunsaturated [128]. The properties of the fatty acids constituting the triglycerides are important because they influence the course of the hydrotreating process. Hydrotreating proceeds through three main steps, the first being hydrogenation of the double bonds present in the hydrocarbon chains of the triglyceride. Overall, hydrotreating of fatty-acid triglycerides comprises:




	(a)

	
hydrogenation, during which unsaturated fatty acids are saturated with hydrogen, thereby eliminating double bonds;




	(b)

	
hydrodeoxygenation, in which oxygen is removed as H2O via reaction with hydrogen;




	(c)

	
hydrocracking, involving cleavage of long hydrocarbon chains into shorter ones, enabling production of fuels with tailored properties [129,130].









Through catalytic hydro processing, a wide range of feedstocks can be converted, including crude vegetable oils, used cooking oils, animal fats, and algal oils. In addition, pyrolysis oils and Fischer–Tropsch-derived waxes can also be processed using this approach. The applicable feedstocks and processing pathways are schematically presented in Figure 13 [131].



Following hydrotreating of triglycerides, the next stage in HVO production is isomerization. This step is not mandatory; its application depends on the climate in which the fuel will be used, as isomerization is intended to improve low-temperature properties. The process increases the degree of branching in the hydrocarbon structure, which lowers the cloud point and cold filter plugging point. Isomerization also increases fuel volatility because isoparaffins have lower boiling temperatures [132].




3.3. Drawbacks and Limitations


Although hydrotreated vegetable oil is a modern fuel with relatively favorable environmental characteristics, it also exhibits certain drawbacks that affect its effectiveness and the extent of its market penetration. At present, HVO is more expensive than conventional diesel fuel and its production is more complex, mainly due to the relatively sophisticated production pathway. Diesel fuel production is largely based on crude oil distillation followed by upgrading of distillate fractions using suitable additives. In contrast, HVO production requires hydrotreating, isomerization, and hydrocracking. These are complex, energy-intensive processes that rely on multiple inputs from different supply chains, notably hydrogen and vegetable oils or animal fats. Catalysts must also be considered: although they are not constituents of the final fuel, they are essential for conducting the production process [133,134].



Hydrogen cost is a major factor influencing the price of HVO. Hydrogen is expensive both to produce and to transport, and hydrotreating requires large quantities. At present, most hydrogen is produced via natural-gas reforming, which is associated with additional CO2 emissions and thus environmental costs. A potential mitigation pathway is hydrogen production via electrolysis powered by renewable electricity. However, this approach introduces a further challenge by increasing hydrogen production costs, which in turn raises the price of HVO [135]. Another factor affecting HVO cost is the price of catalysts used in production. Hydrotreating commonly employs catalysts based on nickel, molybdenum, cobalt, and/or aluminum; these are relatively expensive materials and require periodic replacement [136,137,138,139].



Currently, HVO is not fully competitive with diesel fuel, also due to the limited availability of suitable feedstocks. The supply of biogenic feedstocks for HVO production varies across regions and is often unstable, depending on crop seasonality and/or the availability of animal fats [140,141]. Storage and transport costs for these feedstocks are also higher than for crude oil. They exhibit lower chemical stability and therefore require appropriate storage conditions to prevent accelerated oxidation; as a consequence, they have a defined and relatively short shelf life. The feedstock supply chain is more complex than that of crude oil, which can be delivered to refineries via pipelines or tankers, reducing unit transport costs. In contrast, HVO feedstocks typically require rail or road transport [142].



A further barrier to broader use of HVO in compression-ignition engines is its limited availability, resulting from still-developing production and distribution infrastructure. In addition, production is concentrated in selected regions, leading to uneven availability: access to HVO is generally higher in Western Europe, whereas in some Eastern European countries the fuel is not yet commercially available [143].




3.4. Compatibility with Compression-Ignition Engines


HVO is fully compatible with compression-ignition engines. Accordingly, it can be used as a neat fuel (100% replacement of diesel fuel) or blended with diesel fuel at various ratios. Because HVO properties are similar to those of conventional diesel fuel, there is generally no need to modify injectors, the high-pressure pump, or other engine components to enable operation on HVO [144]. When operating on neat HVO, calibration changes to injection parameters in the engine control unit may be required to maintain performance, due to HVO’s higher cetane number and thus shorter ignition delay. Owing to its composition, combustion of HVO produces fewer in-cylinder deposits than diesel fuel. Reduced particulate emissions during HVO operation also contributes to increased durability of diesel particulate filters (DPFs) [145].



HVO has a lower density than diesel fuel. Nevertheless, its mass-based energy density is slightly higher than that of diesel fuel. From an operational perspective, a compression-ignition engine fueled with HVO may therefore exhibit approximately 2–5% higher fuel consumption (on a volumetric basis) [146].



In addition, HVO has better low-temperature properties than standard FAME biodiesel. For example, the cloud point of FAME (specifically rapeseed methyl esters) is −3.8 °C, whereas for HVO it is −39 °C. The cold filter plugging point (CFPP) for FAME is −11 °C, while for HVO it is −34.7 °C [136,147].



HVO is less hygroscopic than FAME biodiesel, which reduces the risk of water uptake. Consequently, using HVO instead of FAME can lower the risk of corrosion in the fuel system. The absence of esters in HVO is a further factor making it a favorable alternative to FAME [148]. Esters in FAME fuels are more prone to oxidation, which can lead to deposit formation and overall fuel-quality deterioration during storage. The lack of esters means that HVO has higher oxidative stability, enabling longer storage without fuel-quality degradation. Moreover, ester oxidation products may contribute to fuel filter plugging and deposit formation in the injection system. By eliminating esters, HVO minimizes the risk of such issues, thereby supporting engine reliability [149].



Another advantage of HVO relative to FAME is its material compatibility with engine components such as seals and fuel lines. Contact between HVO and elastomeric hoses or sealing materials does not typically lead to degradation. In addition, the absence of sulfur and the lower soot emissions during HVO operation (compared with diesel fuel) may increase engine oil lifetime and extend oil-change intervals due to less intensive contamination of the lubricant with combustion by-products and sulfur species [147,150,151].





4. BtL Fuel (Biomass to Liquid)


BtL (biomass-to-liquid) is a synthetic liquid fuel produced from biomass. Its production is based on converting biomass into a liquid hydrocarbon fuel. A clear advantage of BtL is that a wide range of feedstocks can be used, including municipal or agricultural waste, wood, cellulose, or algae—meaning that BtL does not compete for resources with the food sector [152]. BtL is produced through a sequence of steps: biomass pretreatment, gasification, syngas cleaning, Fischer–Tropsch synthesis (or pyrolysis), and finally hydro processing [153].



4.1. Properties


BtL is a liquid with properties similar to those of conventional diesel fuel. It is characterized by a high cetane number of approximately 75, resulting in a shorter ignition delay compared with diesel fuel, for which EN 590 requires a minimum cetane number of 51. The lower heating value of BtL is about 43 MJ/kg, higher than that of diesel fuel (35 MJ/kg). Its density ranges from 0.72 to 0.82, whereas diesel fuel density is approximately 0.85. Therefore, similarly to HVO, despite its higher mass-based heating value, BtL exhibits a lower volumetric energy density than diesel fuel due to its lower density. Consequently, an engine fueled with BtL may show a slight increase in fuel consumption associated with the lower volumetric energy density [154].



The kinematic viscosity of BtL at 40 °C complies with applicable requirements, typically within 2.1–3.5 cSt; EN 15940 [155], which specifies requirements for paraffinic synthetic diesel fuels, requires viscosity in the range of 2.0–4.5 cSt. BtL also exhibits very high oxidative stability because it contains no unsaturated esters (in contrast to FAME). With the exception of density, BtL meets the requirements specified in EN 590. The fuel contains no sulfur, oxygen, nitrogen, aromatics, or heavy metals [156,157].



Although BtL production is costly and energy-intensive, it should be noted that an important advantage of BtL is its low environmental burden relative to other biofuels. This is associated with the combustion characteristics of BtL in vehicle engines, leading to the lowest CO2-equivalent emissions to the atmosphere. In addition, the production pathway itself is environmentally favorable; among biofuels, it is reported to generate the lowest CO2-equivalent emissions. A comparison of CO2-equivalent emissions associated with different fuels is presented in Figure 14 [158].




4.2. Methods of Obtaining


The first stage of BtL fuel production is the acquisition of biomass feedstock, which may include woody residues, straw, energy crops (e.g., grasses), or agricultural wastes. Wood is most commonly used due to its relatively high homogeneity, consistent physical characteristics, and quality. An additional advantage is its widespread availability globally. As a result, biomass feedstock is typically supplied from distances not exceeding ~100 km, which reduces fuel production costs [159]. After delivery to the plant, the feedstock is cleaned to remove metallic and mineral contaminants, and then screened to obtain wood chips of the desired size. Subsequently, the chips are dried and milled to reduce particle size to approximately 1 mm [160].



The prepared biomass is then fed to a reactor where gasification takes place. Under controlled conditions of elevated temperature and limited oxidant supply (air/oxygen) and/or steam, biomass undergoes thermochemical conversion leading to gasification. Process temperature depends on the applied technology: in fluidized-bed gasification (including circulating fluidized bed, CFB), typical temperatures are ~700–900 °C, whereas entrained-flow (EF) gasification operates at substantially higher temperatures, typically ≥1200 °C (often ~1200–1600 °C). Gasification produces synthesis gas (syngas) composed mainly of H2, CO, CO2, and CH4, with additional components depending on the gasifying medium and trace contaminants [161,162,163].



Syngas leaving the gasifier contains undesirable impurities such as tars, ash/particulates, and sulfur- and nitrogen-containing compounds, and therefore requires cleaning. Gas cleaning typically includes filtration and cooling, followed by removal of sulfur and nitrogen species (e.g., via chemical absorption). Other problematic impurities, particularly tars, are commonly mitigated using catalytic cracking. These steps yield a clean, specification-grade syngas suitable for downstream conversion [164].



After purification, the syngas is subjected to catalytic Fischer–Tropsch synthesis. This reaction is carried out in a reactor over iron- or cobalt-based catalysts. Cobalt catalysts are typically applied in low-temperature Fischer–Tropsch (LTFT), at 190–260 °C and 2.5–4.5 MPa, whereas iron catalysts are used in high-temperature Fischer–Tropsch (HTFT), usually at 300–350 °C and 2.0–2.5 MPa. During this process, carbon monoxide and hydrogen are converted into hydrocarbons, oxygenated compounds, and water; the most abundant product classes include alkanes (paraffins), alkenes (olefins), and alcohols, as reflected by the synthesis reactions (Equations (4)–(6)) [165,166,167].


nCO + (2n + 1)H2 → CnH2n+2 + nH2O



(4)






nCO + 2nH2 → CnH2n + nH2O



(5)






nCO + 2nH2 → CnH2n+1OH + (n − 1)H2O



(6)







The products of Fischer–Tropsch synthesis comprise hydrocarbons with a wide distribution of carbon numbers, including gases, liquids, and waxes. To obtain a fuel with specified properties, the Fischer–Tropsch product stream is subjected to distillation, during which different hydrocarbon fractions are separated [168]. The main stages of BtL fuel production are shown in Figure 15.




4.3. Drawbacks and Limitations


BtL fuel production technology, despite the numerous environmental benefits associated with the use of renewable feedstocks, faces technical, economic, and environmental constraints that contribute to a high fuel price and hinder wider deployment. The high cost of BtL is driven, inter alia, by substantial capital expenditure and operating costs. High capital costs are closely related to the technological complexity of the overall process, which necessitates specialized equipment for biomass gasification, advanced syngas cleaning units, and reactors for Fischer–Tropsch synthesis. In addition, the high operating and maintenance costs of such equipment increase overall expenditures, complicating commercialization of the technology [170].



Another barrier to the wider implementation of BtL production is the moderate overall energy efficiency of the production chain, resulting from its multi-step and energy-intensive nature. The cumulative unit cost of fuel decreases with increasing production volume; i.e., the larger the plant output, the lower the cost per litre of fuel. However, individual stages—from biomass drying and comminution, through synthesis and distillation, to final upgrading—introduce substantial energy losses, which limits the competitiveness of BtL relative to conventional diesel fuel. Only sufficiently large-scale BtL plants can approach cost competitiveness with diesel fuel. According to P. Swain et al., a plant capable of producing BtL at a cost competitive with diesel fuel would require a thermal input of 2000–4000 MWth and production capacity of approximately 16,000–32,000 barrels of fuel [168].




4.4. Compatibility with Compression-Ignition Engines


When used in compression-ignition engines, BtL offers several benefits. Engines fueled with BtL typically exhibit lower emissions of HC, CO, and CO2 compared with diesel fuel and biodiesel. In addition, BtL can provide high thermal efficiency and reduced fuel consumption relative to diesel fuel and biodiesel. Because BtL fuel properties are close to those of diesel fuel, it can be used in compression-ignition engines without hardware modifications. This includes parameters such as lower heating value (43.1 for diesel fuel versus 43.9 for BtL) and dynamic viscosity at 25 °C (1.99 for diesel fuel versus 2.09 Pa·s for BtL). Owing to its high purity and absence of contaminants, BtL reduces wear of engine components, particularly within the fuel supply system [169,170].



Studies on the effect of BtL on compression-ignition engine operation have shown that the higher cetane number shortens ignition delay, enabling a longer combustion duration and a smoother heat-release profile. Moreover, peak combustion temperature is reduced. Together, these effects decrease thermal loads on engine components. A lower heat-release rate reduces the pressure rise rate, which is also associated with a lower maximum in-cylinder pressure; consequently, mechanical loads on the crank–piston assembly are reduced. Due to the presence of lighter hydrocarbon fractions, cold-start performance is improved and exhaust smoke is reduced [171].





5. F-34/Jet A-1


F-34 is an aviation fuel used in NATO member countries. It is similar in composition and properties to Jet A-1, differing primarily by the presence of corrosion inhibitors and anti-icing additives that are blended into F-34 but are not present in Jet A-1. F-34 was introduced as a substitute for diesel fuel in military applications. The underlying concept is to maximize interoperability of military equipment by using a single battlefield fuel common to aircraft as well as wheeled and tracked vehicles. The main benefit for NATO forces is a significant simplification of the fuel supply chain [172,173]. Jet A-1 and F-34 are conventional, petroleum-derived fuels produced through crude oil refining and do not belong to the biofuel category. Nevertheless, their inclusion in this review is purposeful for two reasons, as outlined below.



Jet A-1 and F-34 constitute an important link in the pathway for introducing SAF into piston-engine applications, because within NATO forces F-34 serves as the single battlefield fuel. Consequently, it is used not only for aircraft engines but also for wheeled and tracked vehicles. At present, a gradual introduction of SAF in combination with F-34 is being observed. This means that SAF may enter compression-ignition engine applications indirectly through a supply chain based on the single battlefield fuel concept. It should also be emphasized that SAF is not used anywhere as a neat fuel; it is always deployed in combination with petroleum-derived aviation fuel (Jet A-1 or F-34). Given these circumstances, from an engineering perspective, assessing SAF compatibility with compression-ignition engines without addressing the base fuel (Jet A-1/F-34) would be incomplete, because these fuels largely determine the relevant properties and operational constraints [174,175,176].



In addition, Jet A-1/F-34 provides a reference point for key differences in fuel properties that are critical to Common Rail system operation. These petroleum-derived fuels exhibit a different distillation profile, lower viscosity and density, and poorer lubricity compared with diesel fuel. These parameters are crucial for Common Rail performance and for the combustion process in the engine. Without characterizing these fuels, it would be difficult to justify rigorously why SAF may exacerbate or mitigate specific issues such as lubricity, seal compatibility, or emission changes. For this reason, Jet A-1/F-34 is treated as a reference fuel in this review [173,177].



5.1. Properties


F-34 is an aviation kerosene with a relatively narrow distillation range, approximately corresponding to hydrocarbons from C8 to C16. Compared with fuels such as FAME, HVO, or BtL, it also exhibits a lower final boiling point (250–300 °C). Diesel fuel typically comprises C10–C22 hydrocarbons, with a final boiling point around 340 °C. F-34 remains fluid at much lower temperatures than diesel fuel: its cold filter plugging point (CFPP) is approximately −47 °C, whereas for standard winter diesel fuel in Eastern Europe the CFPP is typically −20 °C (as specified by PN-EN 590) [178].



The kinematic viscosity of F-34 at 40 °C is lower than that of diesel fuel, typically 1.2–1.5 cSt for F-34 versus 2.0–4.5 cSt for diesel fuel (EN 590). The density of this aviation fuel is slightly lower than that of diesel fuel: approximately 0.80 g/cm3 at 15 °C, whereas diesel fuel density is typically 0.82–0.84 g/cm3. This results in a lower injected fuel mass per cycle at the same injected volume [178,179]. Cetane number is not specified by aviation-fuel standards and depends on the composition and relative proportions of constituent hydrocarbons; however, it is typically in the range of 40–45. For diesel fuel, a minimum cetane number is mandated; in Europe EN 590 requires a cetane number of at least 51. A lower cetane number leads to a longer ignition delay, which is generally undesirable [180].



Another important property is lubricity. Relative to diesel fuel, this is the most critical difference, because Jet A-1 does not meet the lubricity requirements applied to diesel fuel. For this reason, F-34 contains a corrosion inhibitor with lubricity-improving functionality. This additive enhances lubricity only to a limited extent, providing merely minimal protection for injection equipment components. To increase the lubricity of F-34 to a level comparable to diesel fuel—so that injection-system durability matches diesel operation—the concentration of lubricity additives would need to be increased by an order of magnitude from the current 10–24 mg/L [172,181].




5.2. Production Pathways


Jet A-1 serves as the base fuel for F-34 production. It is obtained from crude oil distillation, where the middle distillate fraction is separated typically within the 150–270 °C range. This fraction is subsequently purified by hydrotreating, removing sulfur compounds, unsaturated hydrocarbons, and other contaminants. These treatments yield a saturated and stabilized fuel with improved thermal stability and reduced tendency for deposit formation during storage. The resulting purified kerosene contains approximately 75% saturated hydrocarbons (paraffins and cycloparaffins) and no more than 25% aromatics, while meeting the quality specifications of ASTM D1655 and DEF STAN 91-91 [182,183].



To obtain F-34, performance additives are then blended. The fuel system icing inhibitor (FSII) absorbs moisture and depresses the freezing point of water, preventing ice crystal formation under low-temperature operating conditions and thereby avoiding blockage of filters and fuel lines. The most commonly used compound is diethylene glycol monomethyl ether (DiEGME), typically added at 0.1% by volume [184]. In addition, a corrosion inhibitor/lubricity improver (CI/LI) is added. This additive is typically based on dimerized linoleic acid and is dosed at the level of tens of milligrams per liter. It compensates for the loss of natural lubricity caused by deep hydrotreating and protects the fuel system against corrosion. The presence of this additive reduces wear of pump and injector components to the required level [185]. A third additive, applied for safety reasons, is the static dissipator additive (SDA), which increases fuel electrical conductivity, prevents the accumulation of electrostatic charge during fuel transfer, and minimizes the risk of spark ignition during refueling operations [186]. The presence of these three additives in Jet A-1 qualifies the fuel as F-34 and is essential for ensuring fuel-system reliability under harsh conditions (cold, moisture) and for safe handling.




5.3. Drawbacks and Limitations


F-34 is characterized by a relatively low cetane number. Because cetane number is not specified by aviation-fuel standards, it may vary between batches; typically it is within ~38–45, whereas the minimum required cetane number for diesel fuel in Europe is 51. The lower cetane number translates into a longer ignition delay—by approximately 25–50% relative to diesel fuel—which can impair cold starting and lead to rough engine operation at low temperatures. A long ignition delay is also associated with increased combustion noise due to a more rapid pressure rise during ignition of the fuel–air mixture [179,187,188].



Jet A-1 exhibits negligible lubricity. As noted above, F-34 differs from Jet A-1 only by the presence of three additives, of which one is responsible for lubricity improvement. Despite these additives, protection of the fuel-injection system remains substantially lower than for diesel fuel. F-34 also has a lower density (0.78–0.81 kg/L) than diesel fuel (0.83–0.85 kg/L). While the mass-based energy density is similar to diesel fuel, the lower density reduces the energy delivered per unit volume, resulting in increased volumetric fuel consumption [187].



F-34 is produced to an aviation specification, which allows a wider range (than diesel fuel) for several parameters, including sulfur content. F-34 may contain up to 25 vol.% aromatics and up to 3000 ppm sulfur, whereas the permissible sulfur content for diesel fuel is up to 15 ppm [189].




5.4. Compatibility with Compression-Ignition Engines


Using F-34 in compression-ignition engines changes the exhaust-emission profile. Some studies have reported reduced NOx and particulate matter emissions. The pronounced reduction in particulate emissions is attributed to the beneficial effect of higher fuel volatility and an increased ignition delay (relative to diesel fuel), which enhances premixing during the mixture preparation phase [190]. Hydrocarbon and carbon monoxide emissions are typically slightly higher than for diesel fuel. This is linked to less complete combustion during the expansion phase: a longer ignition delay means that part of the fuel–air mixture burns more slowly and at a lower temperature, leaving unburned fuel fragments. Thus, F-34 can provide cleaner combustion in terms of particulate emissions at the expense of slightly higher HC and CO emissions [191,192].



The lower volumetric energy density of F-34 can reduce compression-ignition engine performance if no modifications are made. Power loss during operation on F-34 can reach up to 10% compared with diesel fuel. The reduced volumetric energy density also increases fuel consumption, because the engine must obtain the same amount of energy from the fuel to deliver the same crankshaft torque. If a given unit volume of F-34 contains less energy, a larger volume must be consumed to maintain performance [193]. When F-34 is used without prior engine recalibration (e.g., increased injection advance, correction of injected quantity), studies have reported a 12% increase in fuel consumption and a power reduction of approximately 7%. Engine adaptation through appropriate calibration changes can reduce the power penalty to about 5% [179,190].



Long-term operation on F-34 may affect engine durability and the fuel-injection system. Tests have confirmed accelerated wear of tribological interfaces in high-pressure pumps and injectors. Increased friction in precision pairs such as the pump plunger–barrel and the injector needle can lead to scuffing due to lower lubricity than diesel fuel. This occurs despite the presence of lubricity additives, because their concentration is insufficient to achieve diesel-like lubricity. Operation on this fuel may also lead to fuel system leakage. Seals used in diesel-fuel systems may swell due to aromatic compounds; with F-34 this swelling effect is less pronounced due to the lower aromatic content, which can result in loss of tightness and leaks [194].



Long-term use of F-34 can have beneficial effects on engine oil. Reduced soot formation leads to slower soot-related contamination of the lubricating oil, potentially extending oil-drain intervals. Another advantage is reduced deposit formation on injector nozzles and valves, attributed to the lighter hydrocarbon fractions present in F-34 compared with diesel fuel. Cleaner combustion of F-34 also reduces contamination of the exhaust system. Overall, F-34 does not tend to promote excessive deposit formation, facilitating cleanliness of engine components [195].



Overall, the compatibility of F-34 with compression-ignition engines can be regarded as conditionally satisfactory. The fuel enables correct engine operation and cleaner combustion in terms of particulate emissions, but at the expense of slightly reduced performance and with the need to mitigate accelerated wear. In military applications, this trade-off is fully acceptable due to simplified fuel logistics. In the civilian market, F-34 is generally not used to fuel compression-ignition engines due to the above limitations.





6. Sustainable Aviation Fuel (SAF)


Sustainable aviation fuel (SAF) is intended for aircraft turbine engines, similarly to Jet A-1 and its military variant, F-34. Unlike these fuels, SAF is produced from biogenic feedstocks. Consequently, future use of biogenic aviation fuels to power compression-ignition engines in military vehicles appears unavoidable, given the NATO single-fuel concept and increasing pressure to decarbonize fuel supply chains [196].



It should be emphasized that SAF is not a single fuel with strictly defined properties. Rather, the term SAF refers to a family of alternative fuels to conventional petroleum-derived aviation fuels. The vast majority of their parameters meet the requirements for fuels intended for aircraft propulsion systems. Any differences in properties arise from the feedstocks used for production and the applied conversion technologies. Because certain parameters vary across SAF pathways, these fuels are typically used as blends with conventional aviation fuel. At present, eight SAF production technologies have been certified. These are listed in Table 2, which also provides the permissible blending ratios with conventional fuel and information on the feedstocks used in each pathway [197,198].



6.1. Properties


Sustainable Aviation Fuel (SAF) should exhibit the same or closely similar physicochemical properties as conventional Jet A-1 fuel in order to be used as a drop-in replacement. It should be noted that SAF comprises a group of bio-based fuels produced via different technological pathways. As a result, variations in properties may occur among individual samples of particular SAF types. This variability has been documented, among others, in the FAA Alternative Jet Fuels Test Database, which shows the spread of SAF fuel parameters depending on the production route. Nevertheless, the variability in fuel properties must remain within the acceptable limits specified by the standards for conventional aviation fuels. Accordingly, such parameters as density, viscosity, calorific value, and flash point fall within the standard limits established for Jet A-1 fuel [201,202]. The most important properties of SAF are summarized in Table 3 and compared with those of Jet A-1 fuel. SAF consists primarily of iso-alkanes (67%), n-alkanes (25%), and aromatic hydrocarbons (8%) [203]. In addition, it is characterized by a higher hydrogen-to-carbon ratio and a higher flash point, which contribute to lower emissions of toxic exhaust components and improved safety during storage and distribution [204]. Sustainable Aviation Fuel (SAF) provides better ignition characteristics than conventional aviation fuels, including Jet A-1. Although aviation fuels are formally classified with respect to their application in aircraft engines, the literature indicates that many SAF blends and components are characterized by a higher cetane number. Combined with a higher hydrogen-to-carbon ratio in the molecular structure, this results in a shorter ignition delay. Another advantageous property is the higher smoke point compared with that of conventional aviation fuels. The lower content of aromatic hydrocarbons leads to reduced soot formation during combustion [205,206,207,208]. In contrast to Jet A-1, in which the sulfur content may reach up to 0.3% by mass, SAF is virtually sulfur-free. These properties make SAF comparable to conventional aviation fuel in terms of quality and operational safety, while at the same time offering more environmentally friendly combustion due to reduced particulate matter emissions [209].



Paraffinic SAF components have a lower density than conventional fuel, which results in a lower volumetric energy density. This occurs even when the gravimetric heating value is comparable or higher, owing to the greater hydrogen content in the molecular structure. In aviation, this is of key importance from the perspective of flight range. In compression-ignition engine applications, however, this translates into a reduction in the injected fuel mass, thereby necessitating recalibration of the fuel injection control system, including adjustment of injector opening duration and common rail pressure [208,210].



The kinematic viscosity of individual SAF fuels and their blends must satisfy the requirements imposed by applicable standards. According to the data presented in Table 3, only SIP (Synthetic Iso-Paraffins) does not meet the viscosity requirements specified in ASTM D1655 and ASTM D7566. For this reason, it may only be used as a 10% blend with Jet A-1 fuel. The remaining SAF fuels also cannot be used in pure form for engine operation. This is due to their low aromatic content, whereas aromatic compounds are necessary to ensure adequate sealing performance of the fuel system. On the one hand, aromatics are strongly associated with particulate formation during combustion; on the other hand, they are essential for maintaining compatibility with fuel system components. Experimental studies have clearly shown that the higher the aromatic content in the fuel, the greater the swelling tendency of the elastomers tested. Paraffinic fuels exhibit a significantly weaker swelling effect in this regard. The literature emphasizes that aromatics are a very important component from the standpoint of material compatibility, even though they are unfavorable in terms of emissions. For this reason, efforts to reduce aromatic content must be balanced against fuel system compatibility requirements [208,211,212].




6.2. Methods of Obtaining


At present, the most widely applied SAF production pathway is HEFA (Hydroprocessed esters and fatty acids). The feedstocks used are biogenic triglycerides such as vegetable oils, animal fats, and used cooking oils. The HEFA process comprises several steps: feedstock pretreatment/purification, followed by hydrodeoxygenation (i.e., removal of oxygen from the molecules in the presence of hydrogen and a catalyst). These steps are followed by cracking and subsequent isomerization of the produced hydrocarbons until hydrocarbon chain lengths corresponding to aviation kerosene are obtained. The final step is distillation, yielding the aviation-fuel fraction referred to as HEFA-SPK. The end products are essentially pure paraffinic hydrocarbons with properties similar to conventional Jet A-1, with the key difference that HEFA-derived fuels are virtually sulfur-free. Due to the lack of aromatics, ASTM D7566 [200] specifies their use only as a blend component up to 50 vol.% with petroleum-derived kerosene [213,214,215,216].



Another SAF production technology is FT-SPK (Fischer–Tropsch synthetic paraffinic kerosene). In this pathway, a mixture of hydrocarbons is produced from synthesis gas and subsequently refined to aviation fuel. Syngas is generated by biomass gasification; for SAF applications, lignocellulosic biomass, forestry and agricultural residues, and municipal solid waste are typically used. Purified syngas reacts in the presence of cobalt- or iron-based catalysts in a Fischer–Tropsch reactor, producing a hydrocarbon mixture with a broad chain-length distribution. The product is then subjected to cracking and isomerization to obtain aviation kerosene, which after distillation yields a fuel with quality and properties close to Jet A-1. However, FT-SPK contains essentially no aromatic compounds and therefore can be used only in blends up to 50 vol.% with conventional aviation fuel. A variant of this pathway is FT-SPK/A, in which light aromatic hydrocarbons (e.g., benzene) are alkylated to introduce a controlled aromatic content (approximately 8%) into the fuel. This improves similarity to conventional kerosene and may enable higher blending levels with petroleum-derived aviation fuel [201,214,217].



A further SAF pathway is ATJ-SPK (alcohol-to-jet synthetic paraffinic kerosene). In this case, intermediate products for aviation-fuel synthesis may include bio-isobutanol or ethanol obtained via fermentation of sugar- or lignocellulosic biomass. The alcohol is processed through dehydration (water removal) and oligomerization (chain growth). The resulting liquid is then hydrogenated (saturation of bonds in the presence of hydrogen), followed by distillation to separate the kerosene fraction meeting aviation-fuel requirements. Distillation also produces a diesel-range co-product. The allowable ATJ-SPK blending limit with conventional aviation fuel is 50 vol.% [214,217].



HFS-SIP (hydroprocessed fermented sugars—synthetic iso-paraffin) is a pathway in which sugars (e.g., from sugarcane) are fermented by engineered yeast to produce a C15 hydrocarbon with four double bonds, farnesene. Farnesene is then hydroprocessed to the corresponding saturated alkane, farnesane, which is subsequently distilled to obtain a specific SAF component. Unlike HEFA fuels, HFS-SIP does not produce a synthetic paraffinic kerosene fraction covering the full kerosene boiling range; therefore, only up to 10 vol.% blending with conventional aviation fuel is currently permitted [198,218].




6.3. Drawbacks and Limitations


The SAF components discussed above (FT-SPK, HEFA-SPK, ATJ-SPK, and HFS-SIP) are aviation biofuels with very low, or even near-zero, aromatic hydrocarbon content. Conventional Jet A-1 contains approximately 15–20% aromatics, which ensure proper swelling of elastomer seals and thus fuel-system tightness. ASTM D7566 requires a minimum aromatic content of 8%; therefore, neat SPK fuels must be blended with Jet A-1 to meet this minimum requirement. Current certification limits allow blending of FT-SPK or HEFA-SPK up to 50 vol.%, whereas HFS-SIP is limited to 10 vol.%. These restrictions mean that no SAF component can currently replace Jet A-1 at 100% on its own. Consequently, blending with conventional fuel and/or the addition of purpose-made renewable aromatic components is required to ensure full compliance with fuel and material compatibility requirements [219,220].



Paraffinic SAF components typically have lower density than Jet A-1, which reduces the volumetric energy density of the blend. Although the mass-based energy density may be slightly higher due to higher hydrogen content, the lower volumetric energy density implies that more SAF (by volume) is required to cover the same distance compared with conventional kerosene. Another limitation is poorer lubricity of SPK fuels, associated with the absence of sulfur-containing compounds. Therefore, lubricity improver additives are often required. It has been shown that small additions of suitable esters or fatty acids can significantly reduce wear in lubricity tests without adversely affecting other physicochemical properties of the fuel [221,222].



The chemical stability of paraffinic SAF also differs from that of conventional fuel. The lack of naturally occurring inhibitors (e.g., aromatics) makes neat SPK more susceptible to oxidation during long-term storage, potentially leading to peroxide formation and gum deposits in the fuel system if antioxidant additives are not applied. In blends with Jet A-1, this issue is mitigated because the aromatics present in Jet A-1 and the typical antioxidant additive package help satisfy thermal and oxidative stability requirements [223].



Important constraints also arise from SAF production scale and logistics. HEFA-SPK is the most mature pathway; nevertheless, its supply is constrained by feedstock availability. It is estimated that due to limited availability of waste oils, HEFA could cover at most ~10% of global jet-fuel demand by 2050 [220]. FT-SPK requires very high capital investment and complex process integration; to date, relatively few facilities have reached commercial-scale production volumes for aviation fuel using this technology. The HFS-SIP pathway has so far been implemented only at pilot scale, with output limited by high product cost and low production efficiency. Production complexity also affects ATJ-SPK, as it requires alcohol production followed by conversion to jet fuel. The multi-step process reduces overall yields and increases production cost, and it requires dedicated infrastructure for specialized unit operations. Together, these factors constitute substantial economic and logistical challenges for potential SAF producers [224].



As a result, SAF is currently more expensive than conventional aviation kerosene and its supply remains limited. Nevertheless, SAF can be used in existing fuel infrastructure and in engines without modification. When blended with Jet A-1, SAF components meet aviation-fuel specifications, and their use as blending components does not require changes to aircraft on-board systems. Full substitution of conventional fuel would require further technological development, for example, scalable routes for producing renewable aromatics. In parallel, research and development on improved sealing materials would be needed to mitigate the reduced aromatic content in fuels [220,225].




6.4. Compatibility with Compression-Ignition Engines


All of the previously mentioned certified SAF pathways are hydrocarbon fuels of a paraffinic nature. They are characterized by a higher hydrogen-to-carbon ratio and a higher flash point compared with conventional aviation fuels. These factors may affect both pollutant emissions and combustion characteristics.



The paraffinic nature of SAF fuels, together with their low sulfur content and low concentration of polar compounds, may result in poorer lubricity compared with diesel fuel, which is particularly critical for the high-pressure components of the Common Rail system. Tribological studies comparing SPK fuel with Jet A-1 have demonstrated differences in friction and wear of tribological pairs lubricated with these fuels. SPK exhibited significantly poorer lubricating performance than both Jet A-1 and diesel fuel. This implies that the use of this type of fuel in a Common Rail system without blending would lead to a substantial reduction in fuel system service life [226].



Studies of the Common Rail system have shown that kerosene fuel and its blends with paraffinic kerosene (FT-SPK) may exhibit a slightly lower injection rate and a lower injected fuel mass than diesel fuel. This behavior is attributed to the lower density of kerosene-based fuels relative to diesel fuel. In practical terms, this may result in a loss of engine power, which can, however, be mitigated by appropriate adjustment of injection control parameters, including injection duration and rail pressure [227].



The molecular structure of ATJ-SPK, characterized by a high proportion of branched alkanes, leads to lower ignition reactivity and changes in low-temperature heat release compared with conventional aviation fuel. This may potentially affect ignition delay in a compression-ignition engine. In practice, ATJ-SPK could be considered for use in compression-ignition engines. It should be emphasized, however, that this would only be feasible if it were blended with conventional fuel and accompanied by appropriate recalibration of the control system. It should also be noted that there is currently a very limited number of long-term studies addressing the use of this type of fuel in compression-ignition engines. This indicates the need for dedicated research on the effects of fueling compression-ignition engines with ATJ-SPK/diesel blends on engine operating parameters [228].



In the case of SIP (Synthetic Iso-Paraffins), direct engine studies on compression-ignition engines are available. These studies have already demonstrated the feasibility of operating an engine fueled with farnesane, i.e., a fuel belonging to the group of synthetic iso-paraffins, while analyzing its performance and emissions under experimental conditions [229]. In addition, the scientific literature includes comparisons of performance and exhaust emissions from a compression-ignition engine fueled with blends of farnesane, biodiesel, and diesel fuel, based on steady-state tests of a medium-duty compression-ignition engine. It was found that farnesane may improve the performance and emissions characteristics of compression-ignition engines, provided that the engine control unit is properly calibrated. Moreover, the results showed that a farnesane/biodiesel blend emitted lower amounts of harmful pollutants than diesel fuel, although the nature of the emission changes depended on the fuel blend composition and engine operating conditions [230].



Among SAF fuels, synthetic iso-paraffins (SIPs) provide some of the most direct evidence of compatibility with compression-ignition engines, although further studies on the durability of Common Rail systems are still required. Nevertheless, the influence of SAF fuels on compression-ignition engine fueling requires further investigation. Although there are indications suggesting that SAF fuels may be applicable in compression-ignition engines, the current scientific literature still lacks conclusive studies confirming their full compatibility and effectiveness in such applications. Further experimental research is necessary to evaluate the impact of these fuels on engine performance, emissions, and durability in compression-ignition engines [207,231].





7. Discussion


The literature review indicates that different alternative fuels affect compression-ignition (CI) engine operation in distinct ways, which is due to the different fuel properties, as illustrated in Table 4. Due to its lower heating value compared with conventional diesel fuel, biodiesel typically reduces maximum engine power and torque, which translates into higher fuel consumption. HVO, in contrast, is chemically similar to diesel fuel and therefore enables maximum power and torque levels comparable to those obtained with conventional diesel fuel. The synthetic BtL fuel generally exhibits better properties than diesel fuel; except for density, it satisfies all requirements specified for diesel fuel in EN 590. By comparison, the use of F-34 (or the related Jet A-1) in CI engines increases ignition delay and prolongs the combustion duration; if the necessary engine modifications are not implemented, this results in reduced power and torque and increased fuel consumption. Despite these drawbacks, this fuel offers other important attributes, notably low emissions of toxic exhaust constituents. SAF, in turn, provides a higher cetane number and a higher hydrogen-to-carbon ratio, and thus its ignition characteristics are more favorable than those of F-34. However, SAF cannot currently be used as a neat fuel and can only serve as a blending component with conventional aviation fuel. Therefore, it does not fully address the objective of reducing dependence on fossil fuels.



Engine durability and reliability are also influenced by fuel type. Biodiesel has a higher tendency to oxidize and to form deposits, particularly after long-term storage or storage at elevated temperature. This may lead to fuel filter plugging and accelerated wear of fuel-system components. In contrast, such issues have not been commonly reported for HVO and BtL, as their physicochemical properties, cleanliness, and thermal stability are close to those of diesel fuel. As a result, these fuels can be considered fully interchangeable with diesel fuel. Aviation fuels such as Jet A-1 and SAF exhibit poorer lubricity, and the additive packages designed for aircraft engines may be insufficient to ensure adequate lubrication of Common Rail injectors. Overall, the above fuels generally contribute to reduced emissions of toxic exhaust constituents from compression-ignition engines (with NOx often remaining an exception).



From a broader perspective, biodiesel is more widely available and is commonly used in blends with diesel fuel (e.g., B7, B20). HVO and BtL are “drop-in” fuels and can be used in compression-ignition engines without hardware modifications. The distribution of SAF in aviation is increasing; however, large-scale production remains challenging. Key technological constraints relate to feedstock availability and sourcing, as the distribution of lipid resources and biomass varies across regions. High production costs remain a major barrier to wider deployment of these alternative fuels. Nevertheless, it should be emphasized that all of these fuels can contribute to reducing the environmental footprint of compression-ignition engines that are widely used in transport and industry.



Nitrogen oxides (NOx) emissions in compression-ignition engines are determined primarily by the thermal and kinetic conditions in the cylinder, in particular by the peak combustion temperature, the duration of high-temperature zones, and the local availability of oxygen in the regions where oxidation reactions occur. Unlike particulate matter emissions—where the literature often reports consistent trends when oxygenated or paraffinic fuels are used—the findings for NOx are more diverse. These discrepancies arise not only from fuel properties, but also from differences in test conditions such as engine type, injection-system configuration, exhaust gas recirculation (EGR) rate, boosting strategy, and injection control strategy. For this reason, a coherent interpretative framework is presented below to enable comparison of NOx trends for FAME, HVO, and BtL fuels.



NOx formation in a compression-ignition engine is driven by the thermal conditions that occur during combustion. The intensity of NOx formation increases with increasing temperature. The direction of changes in NOx concentration in the exhaust is strongly influenced by ignition delay, because when ignition delay is longer, a larger portion of the injected fuel mixes with air before ignition occurs. After ignition, such a mixture burns very intensely over a short period, which promotes a rise in temperature and can increase the NOx concentration in the exhaust. Conversely, when ignition delay is shorter, the initial phase of combustion is less intense, which contributes to limiting the peak temperature and may reduce NOx concentration in the exhaust.



In addition, NOx emissions are affected by fuel physical properties relevant to spray formation and evaporation. Fuel density and viscosity influence injection behavior, breakup of the fuel jet, droplet size, and evaporation rate. These phenomena shape the distribution of the fuel–air mixture in the combustion chamber. If, as a result of fuel properties and injection conditions, regions form in which the mixture composition is more uniform and oxygen access is better, combustion may proceed more intensely, which under certain conditions can increase NOx. In contrast, if evaporation is slower and regions with poorer local air–fuel mixing occur in the combustion chamber, particulate matter and carbon monoxide emissions may increase, while NOx may decrease due to lower peak temperatures in those regions.



Fuel chemical composition—primarily the presence of oxygen within the fuel molecule and the paraffinic nature of the fuel—also affects NOx emissions. Fuels containing oxygen in the molecule can promote more complete oxidation in regions where, when using diesel fuel, incomplete combustion might occur. Oxygenated fuels can reduce particulate matter and carbon monoxide emissions, but under some conditions they can also increase NOx if combustion intensity and in-cylinder temperature rise. Paraffinic fuels such as HVO or BtL do not contain oxygen in the molecule and are typically characterized by high cetane number, which promotes rapid autoignition and a combustion process that does not favor high NOx emissions.



The presence of an EGR system reduces the oxygen concentration in the charge entering the combustion chamber and increases the heat capacity of that charge, which lowers the peak combustion temperature and limits NOx formation. For this reason, comparisons of NOx emissions for engine operation on different fuels are reliable only when the EGR rate is the same.



For FAME biodiesel, the literature often reports higher NOx emissions compared with diesel fuel, alongside reduced emissions of particulate matter, carbon monoxide, and hydrocarbons. The NOx increase is commonly associated with the presence of oxygen in the fuel molecule and changes in combustion behavior resulting from the different physical and chemical properties of FAME. The literature indicates that a NOx increase is not inevitable. Higher EGR rates, retarding the start of injection, adjusting pilot-injection parameters, and optimizing injection pressure can reduce NOx while maintaining the favorable reduction in particulate emissions. Therefore, it can be concluded that for FAME a tendency toward higher NOx is frequently observed under unchanged calibration, whereas appropriately selected control strategies can substantially mitigate this effect.



For HVO, the literature reports decreases in NOx, negligible changes, and increases in NOx. This is because HVO combines features that may act in opposing directions. On the one hand, HVO typically has a high cetane number, which shortens ignition delay and can lead to a smoother initial phase of combustion. Under these conditions, peak temperatures may be lower, which supports NOx reduction. On the other hand, HVO often has lower density than diesel fuel and a different distillation fraction distribution, which affects injection, evaporation, and mixture formation. If fuel metering is volumetric and density differences are not compensated, peak temperatures may change. Ultimately, the direction of NOx change depends on whether the effects associated with shortened ignition delay and a shift in combustion timing dominate, or whether the effects resulting from changes in mixture preparation and in-cylinder thermal conditions prevail. For this reason, interpretation of NOx results for HVO should always be referenced to the EGR level as well as injection timing and ignition delay.



BtL is a synthetic paraffinic fuel, often characterized by high cetane number and very low aromatic content. In many cases it leads to reduced particulate emissions, which may indirectly affect in-cylinder thermal conditions. As with HVO, the effect of BtL on NOx is not unambiguous because it depends on the balance between competing mechanisms. Shortened ignition delay and more stable ignition can limit peak temperatures, supporting NOx reduction. At the same time, if heat release becomes more intense and occurs earlier under given operating conditions, peak temperatures may rise, increasing NOx. Consequently, BtL may exhibit reduced NOx, negligible changes, or increased NOx depending on load, engine speed, EGR level, and injection strategy.



The diversity of NOx results in the literature for FAME, HVO, and BtL can be rationalized by separating two evaluation approaches:




	(a)

	
assessment under unchanged engine calibration, i.e., under conditions of actual “fuel substitution” without intervention in control settings;




	(b)

	
assessment after tuning injection and EGR control parameters to maintain a comparable combustion evolution over the engine cycle.









For FAME, increased NOx is often observed under unchanged calibration, whereas after control tuning it is possible to mitigate that increase. For HVO and BtL, the lack of a single NOx trend results from the strong dependence on operating conditions and on the combustion evolution over the engine cycle. Therefore, comparative conclusions should be formulated only under clearly specified EGR conditions, start of injection, and indicators describing the crank-angle location of the main stages of combustion within the cycle. This approach enables a consistent interpretation of the differences reported in the literature and provides a comparable assessment of the potential of individual fuels to reduce NOx emissions while also reducing particulate emissions.




8. Conclusions


	
In military applications, where F-34 is used as a single battlefield fuel and is also supplied to wheeled and tracked vehicles, SAF components may be indirectly introduced into compression-ignition (CI) engines if SAF is incorporated into the aviation fuel pool. From an engineering perspective, this creates the need to evaluate the compatibility of Jet-type fuel blends (Jet A-1/F-34) containing SAF components with CI piston engines. The present review also indicates that the number of empirical studies addressing CI engine operation fueled with SAF or SAF/aviation fuel blends remains limited, highlighting a significant research gap that requires further investigation.



	
The literature review confirms that FAME can substantially reduce particulate matter, CO, and hydrocarbon emissions relative to conventional diesel fuel. However, its application is associated with several limitations related to its physicochemical properties. In particular, its lower heating value may increase fuel consumption, whereas its high oxygen content and the resulting changes in combustion behavior may, under certain operating conditions, promote higher NOx emissions. Furthermore, limited oxidative stability and susceptibility to degradation during storage constitute important operational drawbacks, particularly under long-term storage and elevated-temperature conditions.



	
Paraffinic fuels such as HVO and BtL exhibit fuel properties similar to those of conventional diesel, enabling their use in CI engines without hardware modifications. The reviewed studies indicate that, compared with FAME, these fuels offer better storage stability and a lower risk of oxidation-related operational issues. Nevertheless, their broader deployment is still constrained by several factors identified in the literature, including high production costs, especially in the case of BtL, limited feedstock availability, and infrastructure-related requirements.



	
The review confirms that feedstock availability remains a major constraint on the large-scale deployment of renewable fuels, regardless of whether edible or waste-derived feedstocks are considered. In this context, fourth-generation feedstocks, including genetically modified microalgae, represent a promising development pathway with the potential to reduce pressure on agricultural land use. However, according to the current state of knowledge, these solutions are still at the developmental stage, and their industrial-scale implementation requires further progress in biomass productivity, process stability, and cost reduction in biomass production and processing.






The findings of the review indicate that NOx mitigation for FAME and paraffinic fuels (HVO/BtL) depends primarily on calibration-oriented measures, including adjustment of injection timing, selection of appropriate multi-stage injection strategies, and optimization of EGR rates according to fuel type and engine load. In parallel, for FAME, particular attention should be paid to improving storage stability, for example through the use of antioxidant additives, and to minimizing associated operational risks. For Jet/SAF-type fuels applied in CI engine systems, further research is especially needed on the durability of fuel injection equipment, particularly Common Rail systems, lubricity, sealing-material compatibility, and emission behavior under transient and low-temperature operating conditions, as these aspects remain insufficiently documented in the available literature.
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Figure 1. Crude oil price changes from 1861 to 2023 in relation to historical events affecting price levels [5]. 
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Figure 2. Schematic of the literature review methodology. 
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Figure 3. Summary of the most commonly used feedstocks for first-generation biodiesel production [31,32,33,34,35,36,37]. 
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Figure 4. Open pond system for microalgae production [32]. 
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Figure 5. Flow-through photobioreactor [51]. 
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Figure 6. Schematic showing the main types of transesterification processes [62]. 
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Figure 8. Water-in-diesel emulsion (5% water) [78]. 
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Figure 9. Water-in-diesel emulsion (10% water) [78]. 
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Figure 10. Water-in-diesel emulsion (20% water) [78]. 
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Figure 11. Life-cycle (“cradle-to-grave”) pathway for soybean biodiesel production [94]. 
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Figure 12. Deposits on the injector nozzle tip: (a) dry, (b) wet [114]. 
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Figure 13. Schematic showing HVO feedstocks and their conversion pathways [131]. 
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Figure 14. “Cradle-to-grave” CO2-equivalent emissions of a mid-size passenger car as a function of fuel type [158]. 
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Figure 15. Block diagram showing BtL feedstocks and conversion pathways [169]. 
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Table 1. Physical and chemical properties of HVO, FAME, and diesel fuel [126].






Table 1. Physical and chemical properties of HVO, FAME, and diesel fuel [126].





	Parameter
	Unit
	HVO
	FAME
	Diesel Fuel





	Density at 15 °C
	kg/m3
	780
	885
	835



	Viscosity at 40 °C
	mm2/s
	2.5–3.5
	4.5
	3.5



	Cetane number
	-
	60–98
	52
	54.6



	Distillation range
	°C
	170–310
	340–360
	170–350



	Cloud point
	°C
	−5…−25
	−5
	−5



	Calorific value
	MJ/kg
	44
	37.5
	42.7



	Calorific value
	MJ/dm3
	34.2
	33.1
	36.4



	Sulphur content
	%
	0
	0
	30



	Oxygen content
	%
	0
	10
	0



	Storage stability
	-
	good
	poor
	good










 





Table 2. Overview of certified SAF production pathways and associated feedstocks, together with the allowable blending limits with conventional fuel [197].
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	Reference Documentation
	Technology
	Blending Ratio
	Feedstock





	ASTM D7566 Annex 1 [199]
	FT
	50%
	Biomass



	ASTM D7566 Annex 2
	HEFA
	50%
	Bio-oils, animal fat, recycled oils



	ASTM D7566 Annex 3
	SIP
	10%
	Biomass used for sugar production



	ASTM D7566 Annex 4
	FT-SKA
	50%
	Sawdust, biomass



	ASTM D7566 Annex 5
	ARJ-SPK
	50%
	Biomass from ethanol or isobutanol production



	ASTM D7566 Annex 6
	CHJ
	50%
	Triglicerydes such as soybean oil, jatropha oil, camelina oil, carinata oil, tung oil



	ASTM D7566 Annex 7
	HC-HEFA-SPK
	10%
	Algae



	ASTM D1655 [200]
	Co-processing
	5%
	Fats, oils, greases from petroleum refining










 





Table 3. Summary of key SAF properties with reference to ASTM D1655 and ASTM D7566 specifications [197].
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	Limits ASTM D1655 and D7566 [199,200]
	Jet A-1
	FT-SPK
	HEFA
	SIP
	ATJ-SPK





	Density 15 °C [kg/m3]
	775–840
	803.3
	744.5
	756.7
	773.1
	757.1



	Kinematic Viscosity −20 °C [mm2/s]
	max 8.0
	4.04
	3.8
	4.8
	14.3
	4.8



	Heat of combustion [MJ/kg]
	min 42.8
	43.25
	44.10
	44.15
	44.1
	43.2



	Freezing point [°C]
	−47
	−49.6
	−42.9
	−54.4
	<−80
	<−80



	Flash point [°C]
	min 38
	40.5
	51.5
	42
	107.5
	47.5










 





Table 4. Summary of key properties of HVO, FAME, diesel fuel, BtL, F-34, and SAF (HEFA) [125,155,193,208,232,233,234,235,236,237,238,239].






Table 4. Summary of key properties of HVO, FAME, diesel fuel, BtL, F-34, and SAF (HEFA) [125,155,193,208,232,233,234,235,236,237,238,239].





	Parameter
	Unit
	HVO
	FAME
	Diesel Fuel
	BtL
	F-34
	SAF-HEFA





	Density at 15 °C
	kg/m3
	780
	885
	835
	775–785
	795
	758



	Viscosity at 40 °C
	mm2/s
	2.5–3.5
	4.5
	3.5
	2.9–3.5
	1.27
	1.3–1.7



	Cetane number
	-
	60–98
	52
	54.6
	84–99
	45
	DCN ~55–70



	Distillation range
	°C
	170–310
	340–360
	170–350
	260–300
	167–238
	170–254



	Cloud point
	°C
	−5…−25
	−5
	−5
	−5…−30
	≤−47 (freezing point)
	≤−47 (freezing point)



	Calorific value
	MJ/kg
	44
	37.5
	42.7
	44
	42.8
	43.6



	Calorific value
	MJ/dm3
	34.2
	33.1
	36.4
	34
	35.1
	33



	Sulphur content
	mg/kg
	0
	0
	10
	0
	3000
	10



	Oxygen content
	%
	0
	10
	0
	0
	0
	0



	Storage stability
	-
	good
	poor
	good
	good
	good
	medium







Note: For aviation fuels (F-34 and SAF–HEFA), the low-temperature operability is reported using the freezing point (Jet fuel specification parameter) rather than the diesel-fuel cloud point/CFPP, because these metrics are not directly equivalent and are defined for different fuel classes. Likewise, the cetane number is not a standard specification parameter for aviation turbine fuels; where ignition quality is discussed for SAF–HEFA, it is therefore expressed using a derived cetane number (DCN) reported in the literature.
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