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Combustion of raw Camelina 
sativa oil in CI engine equipped 
with common rail system
Grzegorz Pawlak 1* & Tomasz Skrzek 2

During the world energy transformation, using some vegetable oils as fuel enables the production 
of clean and inexpensive energy with the application of the well-known technology of the CI engine. 
The common rail (CR) fuel system gives many opportunities related to creating an air–fuel mixture 
and its efficient combustion. Can the system dedicated to diesel oil be used to inject vegetable oil and 
control its combustion effectively? This paper presents some results of the application of the injection 
strategy for raw Camelina sativa (CS) oil fueling. The test was conducted on the AVL single-cylinder CI 
engine equipped with a CR system for engine speed n = 1500 rpm and different excess air coefficients 
(1.1 < λ < 2.1). The engine parameters and performance obtained for raw CS oil were compared with 
the results obtained for diesel oil fueling for the same and slightly modified injection strategy. The 
experiment demonstrated how much the combustion process and its effects differ for these two fuels. 
In addition, several aspects related to the cultivation and use of Camelina sativa oil as a renewable 
energy source are presented.

List of symbols
BMEP	� Break mean effective pressure
BTDC	� Before top dead centre
CA	� Crank angle (deg)
CFPP	� Cold filter plugging point
CI	� Compression ignition
CO	� Volumetric share of carbon monoxide in exhaust gases (%)
COVIMEP	� Coefficient of variation of the indicated mean effective pressure (%)
CR	� Common rail
DO	� Diesel oil
dp/dα	� Cylinder pressure rise rate (bar/deg)
H2O	� Volumetric share of water vapour in exhaust gases (%)
HCCI	� Homogeneous charge compression ignition
IMEP	� Indicated mean effective pressure (bar)
m	� Mass (kg)
MFB50	� Crankshaft position where 50% of fuel mass burned over an engine cycle is reached (deg)
NOx	� Volumetric share of nitric oxides in exhaust gases (%)
p	� Cylinder pressure (bar)
PM	� Particulate matter concentration in exhaust gases (mg/m3)
PCCI	� Premixed charge compression ignition
RCCI	� Reactivity controlled compression ignition
Qc	� Energy provided to the engine cylinder with the fuel per one cycle (J/cycle)
SOI	� Start of injection (deg)
T	� In-cylinder temperature (K)
TDC	� Top dead centre
texh	� Exhaust gases temperature (°C)
THC	� Volumetric share of total hydrocarbons in exhaust gases (%)
VHRR	� Volumetric heat release rate (kJ/m3deg)
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λ	� Excess air coefficient (–)
ηth	� Engine thermal efficiency (–)

Using relatively cheap vegetable oil from local sources can increase green energy production and reduce long-
distance fuel transportation1. In this case, a power generator could be a good solution if the engine performance 
and reliability are high. However, the efficient use of straight vegetable oils as fuel for CI engines remains a chal-
lenge. The specific properties of such fuels make creating the air–fuel mixture, including the injection process, 
which is crucial for the combustion process, significantly different from diesel oil fueling.

Because in most cases where fuel other than diesel oil is used, the injection nozzles remain unchanged, the 
results of engine fueling with alternative fuel are strongly influenced by modification of the injection process 
resulting from the properties of this fuel. The comparison of the results to diesel oil fueling gives information 
which can be used to modify injection parameters or even modify engine construction.

The core differences in the combustion process of different fuels are determined by their ignition delay, which 
accounts for the physical and chemical properties contributions separately (both usually overlap in time). Lower 
cetane number and higher flash point, inversely related to fuel volatility, delay the ignition of air/vegetable oil 
mixture2,3. Also, density and even more viscosity profoundly impact the combustion efficiency of CI engines, 
thus having a notable influence on their expected life4. Higher vegetable oil density and viscosity lead to poor 
atomisation, influencing spray patterns (cone and penetration) and droplet size distribution5.

The comparison of conventional fuels and biofuels spray was described in Ref.6. The Authors of the paper 
used Mie scattering and Schlieren imaging techniques to find that the boiling point and density of the fuel sig-
nificantly impacted the liquid penetration. The experimental results showed that the vapour diffusion and vapour 
penetration were independent of these parameters7. The results presented in Ref.8 also confirm that the vapour 
length is strongly determined by injection pressure. Authors of the paper confirmed that the ambient temperature 
subtly affects vapour penetration but significantly affects liquid penetration, which is especially important for 
low-volatility fuels like vegetable oils. The higher boiling temperature delays the evaporation and formation of a 
combustible mixture. The results presented in Ref.9 show that the evaporation of injected biodiesel was suppressed 
by lower fuel temperature. Its drop from 360 to 300 K caused liquid fuel penetration to lengthen and vapour fuel 
mass to decrease. The Authors of Ref.10 calculated that at high fuel injection pressures and ambient temperature, 
the evolution of microalgae oil spray was utterly different from diesel oil. For this fuel, the atomisation was worse 
(the share of larger droplet size in the spray raised by 41–49%), the spray cone angle narrowed by 40–58%, and 
the distance from the exit of the nozzle to the break-up point was longer by 307–419%.

Recent works like Refs.11,12 on flash boiling spray generation by doping high-volatile fuels with typical gasoline 
or diesel fuels show some benefits to the combustion of premixed combustion engines such as HCCI or RCCI 
engines. However, the high ambient pressure suppresses the flash boiling vapourisation, so its application or 
similar phase-changing sprays for non-premixed CI engines is not recommended7. Especially when fuels such 
as raw vegetable oil are used, preheating could physically control ignition and combustion processes in such 
engines13. Vegetable oils are much more reactive to oxygen, so preheating accelerates the oxidation reaction, 
partially diminishing the role of phenomena that delay the process of creating a flammable mixture and thus 
increase the self-ignition delay.

The poorly atomised fuel spray, especially for low-pressure fuel systems, could result in incomplete combus-
tion and increased wetting of the engine’s internal surfaces, thereby diluting the engine lubricant. The higher the 
viscosity, the greater the tendency to form deposits on engine elements. It is crucial for a low-temperature engine 
run. The low-temperature behaviour of vegetable oil could be improved by using suitable pour-point depressants 
or by blending with diesel oil or kerosene-type fuel (e.g. JP-8)14.

Common rail system designed and applied for diesel oil gives many opportunities to control combustion and 
its effects15,16. The high-pressure circuit in the system raises the fuel’s temperature, contributing to the modifica-
tion of fuel properties, including kinematic viscosity reduction17,18. The drop of oil viscosity increases the pos-
sibility of obtaining a fuel droplet diameter spectrum in the engine cylinder, allowing for their rapid evaporation 
and the formation of a combustible mixture.

From the point of view of potential benefits connected with raw oil application for bio-energy production, it 
is interesting to know whether the properties of Camelina sativa, especially kinematic viscosity and their modi-
fication in higher temperatures, enable its practical application for CI engines with CR systems. In this context, 
it is essential to ensure control of the combustion process of the air/fuel mixture.

Since the combustion process of raw Camelina oil in a CI engine equipped with a CR fuel system is not widely 
analysed in the literature, the work is devoted to controlling combustion by adjusting the injection strategy, 
which takes into account fuel properties. The important part of the experiment was to show the difference in the 
combustion process between Camelina sativa and diesel oil. The experiment was to check whether it is possible 
to implement an efficient injection strategy of Camelina sativa oil, enabling the CI engine to achieve high engine 
performance and high thermal efficiency.

Camelina sativa as an energetic plant
The share of electricity produced from biomass in European Union countries is only a few per cent. In most 
European countries, this share in the current energy production process is 1–2%. The exception is Germany, 
which reaches 8–10%19. In all these countries, the potential of biomass production and existing power genera-
tion installation is much higher, and it is possible to increase it by utilisation of new renewable fuels in the local 
facilities. Using biomass for energy production can reduce CO2 emissions in the long run by creating a closed 
loop of circulation20. During the transition to the global use of hydrogen and utilisation of solar and wind energy 
on a massive scale, vegetable fuels enable clean and cheap energy generation using well-known power generation 
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technology based on IC engines. Such an approach could contribute to realising the European strategy called “Fit 
for 55”, assuming a reduction of greenhouse gas emissions in 2030 by 55% compared to 199021.

Camelina sativa as a potential energetic plant is widely described in the literature, but its practical usage in 
this field is still untapped22,23. It is one of the eleven other plants (such as a highland twig, canary reed, and wil-
low) that can be cultivated on marginal agricultural land in Europe, North America and Asia. Such land, affected 
by low temperatures, allows for industrial crop cultivation without competing directly with food security or 
biodiversity conservation. It is about 8.37 Mha of European agricultural area24. The authors of Ref.25 analyse the 
economic aspect of growing Camelina sativa in the western United States, concluding that it can offset on-farm 
diesel oil use. As a result, it may increase farm income, diversify rural economic development, and contribute 
to achieving energy policy goals. Camelina sativa can also contribute to developing the Indian biofuel sector26. 
Three years of adaptability experiments in the warm and dried region of Iran showed tolerance of this crop to 
abiotic stress such as low temperature, drought and salinity and proved that this crop is suitable for poor soils 
in this country27. CS is a short-season crop. Its growth takes 85 to 100 days28,29. It can be harvested with high 
seed yield and crushed for oil (30–43%)30,31 with a lower heating value of about 38 MJ/kg32. It is possible to get 
1500–3000 kg/ha per year (wet weight)33, but genetic modification could increase the amount of oil obtained 
from seeds34. The plant is resistant to common pests and pathogens affecting similar crops. The remaining parts 
left over from the oil extraction process can be used to produce omega-3-rich animal feed. The heating value 
of Camelina sativa grey strove is about 15 MJ/kg, and the pomace heating value is 22 MJ/kg35, so instead of 
animal feed or fiberboard, it could be utilised as a source of heat. A high flash point (> 220 °C) allows raw oil 
to be stored at high temperatures without any fire hazard36. Several publications are devoted to biodiesel from 
Camelina sativa37–39 or engine performance fueled with its blends with diesel oil40–43. Camelina sativa oil can 
be converted into biodiesel, and many properties of it meet quality standards like ASTM D6751 or EN 14214. 
The exception is the iodine number, which is a measure of the unsaturation degree of biodiesel and influences 
its stability during storage (about 160 (gI/100 g))44. Also, parameters like linolenic acid and polyunsaturated 
methyl ester, viscosity, cetane number, and cold filter plugging point (CFPP) could exceed the allowable ranges33. 
Antioxidants can enhance the oxidation stability of biodiesel, but their presence in biodiesel might change fuel 
behaviour in the engine45,46.

The transesterification of vegetable oils and their additional treatment give high-quality fuel but require 
consuming significant energy, alcohol and chemicals. It also requires skilled labour and particular equipment 
investment. It is a time-consuming and expensive process47.

Some studies on the direct use of raw Camelina sativa oil as fuel for CI engines were described32,48,49. Such an 
application can be beneficial from the point of view of environmental impact and simplicity in use50.

The experiment
The Camelina sativa oil used in the experiment was obtained from a winter variety of plants produced in Poland. 
The oil had been purchased from the herbal farm. It was obtained by cold pressing. During the process, the 
temperature of the oil reaches approximately 45 °C. Then, the oil was subjected to 3 days of sedimentation. The 
experiment described in the paper included the examination of the kinematic viscosity and density of the oil 
used in the engine tests at different temperatures. The viscometer type Stabinger SVM 3000 Anton Paar was used 
to determine these parameters. The results are presented in Figs. 1 and 2.

The fuel temperature measured in the common rail during the engine run was 70 °C. The experimentally 
determined kinematic viscosity of raw Camelina sativa oil at 70 °C was 13 mm2/s (still much higher than the 
kinematic viscosity of diesel oil which is 2.35 mm2/s at 40 °C). It means that Camelina sativa oil injected into 

Figure 1.   Raw Camelina sativa oil kinematic viscosity vs. temperature.
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the engine cylinder could create the air–fuel mixture more easily than vegetable oils injected by conventional, 
low-pressure systems at lower temperatures. It is also evident that the spray and its atomisation parameters were 
different for the same injector nozzle used in the experiment for both fuels10.

Figures 1 and 2 show how the fuel system can modify fuel properties, realising its preheating. The comparison 
of the properties of raw Camelina sativa oil and diesel oil is presented in Table 1.

The tests were carried out on AVL experimental CI engine with a typical compression ratio of 17:1, equipped 
with a common rail system (Table 2) for engine speed n = 1500 rpm (yielding generator frequency f = 50 Hz). For 

Figure 2.   Raw Camelina sativa oil density vs. temperature.

Table 1.   The comparison of raw Camelina sativa and diesel oil properties. Source Authors, data from Refs.32,51.

Properties Unit Camelina sativa Diesel oil

Low heating value MJ/kg 38.7 43.2

Cetane number – 42.3 55.0

Liquid density at 15 °C kg/m3 923 831

Kinematic viscosity at 40 °C mm2/s 29.0 2.35

Sulfur content mg/kg 13.8 10.0

Water content mg/kg 720 43.8

Ash kg/kg 0.003 0.01

Flash point °C  > 220 55

Table 2.   Engine characteristics. Source data from Ref.52.

Model AVL 5402

Type Four-stroke, naturally aspirated, direct injection

Displacement (cm3) 511

Number of cylinders 1

Bore/stroke (mm) 85.01/90.00

Compression ratio 17

Fuel system Common rail

Maximum power (kW) ca. 16

Maximum speed (rpm) 4200

Inlet valve open/close (CA deg) 346/586.5

Exhaust valve open/close (CA deg) 128.5/376.5

Valve overlap (CA deg) 80

Nozzle type DLLA 162 P 2160
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each tested point, cylinder pressure diagrams from 100 cycles were registered, and the parameters that describe 
the combustion process were calculated. The exhaust gas analysis was carried out using AVL SESAM i60 F.T. 
analyser, which creates an infrared broadband spectrum that is used to detect all spectrum information of the 
exhaust gas sample simultaneously.

In the case of an experiment in which the same parameters are compared, repeatability of measurements is 
crucial. The calculation of percentage equipment variation (%EV), which is a measure of the repeatability of the 
measurement experiment, is described in Ref.53. Its value for the AVL measurement system used in the test is 
%EV = 0.4% (the measurement system is considered appropriate for the specific task if its %EV is below 10%). The 
maximum error of the pressure measurement in the combustion chamber is Δp =  ± 0.4%. It was calculated as a 
square root of the sum of squares of pressure sensor linearity error (δps =  ± 0.3%), charge amplifier linearity error 
(δal =  ± 0.1%), amplifier noise (δan =  ± 0.2%) and analogue-to-digital converter linearity error (δadl =  ± 0.15%). The 
fuel consumption measurement accuracy (Ra) for the Bronhorst Cori-Flow flowmeter used in the experiment is 
calculated using the formula Ra =  ± (0.2%Rd + 8 g/h). Maximum error of fuel consumption is ΔGh =  ± 0.77%. In 
the experiment, the engine speed was constant (n = 1500 rpm ± 10 rpm). The maximum error for λ measurement 
(Lambda Meter LA4) is Δλ = ± 1.0%. The calibration process of AVL SESAM i60 F.T. analyser and the rest of the 
measurement equipment was carried out following the manufacturer’s recommendations.

The combustion process in CI engines strongly depends on the mixture composition. The engine tests were 
performed for excess air coefficient λ = 1.1, 1.28, 1.52 and 2.12. After completing a series of tests to achieve a high 
BMEP of the engine, the fuel injection parameters were selected. For all examined points of the engine run, the 
Camelina sativa dose was divided into a constant preliminary dose (2.4 mg/cycle) and the main dose, depending 
on the excess air coefficient and engine load. The injection timing of the preliminary dose of Camelina sativa oil 
was constant (16 deg BTDC). The injection timing of the main dose was adjusted to get the maximum engine 
load for the selected excess air coefficient (λ) and to minimise the rate of cylinder pressure rise (dp/dα < 7 bar/
deg) to eliminate the engine knock. The injection pressure of the fuel was set at pin = 65 MPa.

The results obtained for raw Camelina sativa oil were compared to diesel oil for the same values of excess 
air coefficient (λ), the same injection strategy and the same injection pressure (pin). Because of the significant 
difference in the combustion process and, as a result, significantly lower engine thermal efficiency, the injection 
parameters for diesel oil were slightly modified to check the possibility of obtaining higher engine efficiency for 
the strategy utilised for Camelina sativa oil. The mass of diesel oil injected as a preliminary dose was reduced to 
1.0 mg/cycle. Also, its injection timing was changed to 15 deg BTDC (16 deg BTDC for CS).

In order to illustrate the injection process, the voltage signal from the common rail injector was registered. It 
is shown in the volumetric heat release rate (VHRR) and cylinder pressure (p) diagrams presented in the paper.

The results
The volumetric heat release rate diagrams calculated for raw Camelina sativa oil for different excess air coef-
ficients (λ) are presented in Fig. 3. Additionally, measured cylinder pressure (Fig. 4) and calculated in-cylinder 
ambient temperature are shown in Fig. 5. For comparison, the diagrams obtained for raw Camelina sativa oil 
are compiled with those received for diesel oil fueling (for the same injection strategy as for Camelina sativa oil 
and its slight modification).

The combustion mechanism is significantly different for the same injection strategy used for both examined 
fuels (VHHR green curve in Fig. 3), and the character of differences are the same for all tested mixture composi-
tions. The denser and more viscous CS oil started to burn later, and a diffusive mixing rate controlled its com-
bustion. The effect of the initial dose was visible with a faster-growing course of the VHHR diagram, which may 
suggest a small share of the combustion phase in which chemical kinematics affects the course of heat release. 
The volumetric heat release rate slowed down slightly after the injection of the main dose, resulting from the 
heat absorption needed to evaporate the injected fuel. This phenomenon was observed around TDC (Fig. 3). 
Further heat release proceeded smoothly according to the diffusion mechanism. The leaning of the mixture only 
shifted the start of combustion. The injection timing allowed 50% of the fuel to be burned between 7 and 9 deg 
after TDC (Fig. 6c). The combustion mechanism results in the engine’s high thermal efficiency (Fig. 6e). Still, 
it contributed to a noticeable NOx emission rise in comparison to others tested points of engine run (Fig. 6k).

The combustion of diesel oil injected according to the strategy applied for Camelina sativa oil resulted in 
premixed charge compression ignition (PCCI). Compared to Camelina sativa, the ignition delay was shorter, 
advancing the rich premixed spike from the late main dose injection. It was apparent for lean mixtures (Fig. 3d). 
Diesel oil started burning just after the end of the preliminary dose injection at a lower temperature than for 
Camelina sativa and was primarily governed by chemical kinetics. Then the diffusive mechanism54 is visible (red 
curve in Fig. 3). For all examined λ the volumetric heat release rate curves for diesel oil, a characteristic hump 
in the heat release rate curves appeared (Fig. 3a–d). The premixed peak of VHRR diagram for diesel oil is nearly 
as high as the mixing-controlled one. In this case, the stratified and quasi-homogeneous phases of combustion 
are separated. This phenomenon caused a sudden increase in ambient temperature in the engine cylinder visible 
for all tested λ (Fig. 5a–d) and an accelerated increase in pressure in the combustion chamber Figs. 4a–d and 6d.

The combustion mechanism of diesel oil for the same injection strategy as for Camelina sativa did not result 
in high engine thermal efficiency as for Camelina sativa oil burning because a significant amount of heat was 
released before TDC (Fig. 6c). The slight change of injection parameters for diesel oil (reduction of preliminary 
dose and the main dose retardation) allowed to shift the ignition delay and to minimise the value of the rate of 
cylinder pressure rise below 4 bar/deg but the mechanism of combustion remained the same (DO modified in 
Figs. 1, 2, 3). It was visible that the diesel oil injection parameter demanded further adjustment to raise engine 
thermal efficiency. The search for the optimal diesel fuel strategy is not this article’s subject. Still, testing two simi-
lar injection strategies for diesel oil showed the differences in the heat release process resulting from the different 
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Figure 3.   Volumetric heat release rate diagrams for the same injection strategy applied for raw Camelina sativa 
oil (CS) and diesel oil (DO (CS regulation)) and for modified injection strategy for diesel oil (DO modified): (a) 
λ = 1.1, (b) λ = 1.28, (c) λ = 1.52, (d) λ = 2.12. The injector signal diagrams are above the volumetric heat release 
rate diagrams.

Figure 4.   Cylinder pressure diagrams (fragments) for the same injection strategy applied for raw Camelina 
sativa oil (CS) and diesel oil (DO (CS regulation)) and for modified injection strategy for diesel oil (DO 
modified): (a) λ = 1.1, (b) λ = 1.28, (c) λ = 1.52, (d) λ = 2.12. The injector signal diagrams are above the volumetric 
heat release rate diagrams.
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properties of the fuels. It showed how the injection strategy, optimal from the point of view of performance and 
engine thermal efficiency for Camelina sativa oil, cannot be used to supply the engine fueled with diesel oil. In 
the experiment, the amount of diesel oil provided to the engine cylinder per cycle was selected to maintain the 
same excess air coefficient (λ) for both fuels. As a result, the energy supplied to the engine cylinder per one cycle 
(Qc) with Camelina sativa was lower than for diesel oil fueling for the same λ (Fig. 6b). But the higher thermal 
efficiency obtained for Camelina sativa fueling (Fig. 6e) allowed to receive nearly the same BMEP for both fuels.

The emissions measurement gave comparable results for both fuels (Fig. 6i–l). There was one exception—CO 
emission for Camelina sativa fueling was much higher for λ = 1.1. The exhaust gas temperature and water content 
were comparable and depended on mixture compositions (Fig. 6g,h). Also, for both fuels, cycle-by-cycle varia-
tions of indicated mean effective pressure (CVIMEP) remained acceptable for all λ values (Fig. 6f). Still, the factor 
remained lower for Camelina sativa for all examined points.

Figure 7 compares some characteristic parameters of the injection and combustion process of both tested 
fuels for different λ (the yellow lines describe the injection process, but the red line illustrates the length of the 
combustion process). From the injection process’s point of view, the fuel’s temperature is crucial. Increased fuel 
temperature (70 °C) in the fuel system rail and high injection pressure (65 MPa) realised in the system confined 
self-ignition delay, which was only 2–3 CA deg longer than obtained for diesel oil (Fig. 7a–c). Despite later igni-
tion, the combustion process of Camelina sativa oil took less time than diesel oil (Fig. 6c). Its 50% mass burnt 
period (50% MFB) is nearly the same for λ = 1.1, 1.28 and 1.52 (Fig. 7a). It contributes to high BMEP (Fig. 6a) 
and engine thermal efficiency ηth (Fig. 6e) for different mixture compositions. The tests confirmed the possibility 
of getting high engine performance for vegetable oil fueling49.

Conclusions
Applying the CR system for raw Camelina sativa oil fueling allowed for obtaining high engine loads with high 
engine thermal efficiency. The experiment showed the benefits of the CR system application for injecting vegeta-
ble oil connected with the rising injected fuel temperature and possible modification of the heat release process 
by adjusting the injection strategy. The comparison of the volumetric heat release rate for the same injection 
strategy applied for Camelina sativa and diesel oil showed differences in the combustion process resulting from 
tested fuels’ different physical and chemical properties.

Figure 5.   In-cylinder temperature diagrams for the same injection strategy applied for raw Camelina sativa oil 
(CS) and diesel oil (DO (CS regulation)) and for modified injection strategy for diesel oil (DO modified): (a) 
λ = 1.1, (b) λ = 1.28, (c) λ = 1.52, (d) λ = 2.12. The injector signal diagrams are above the volumetric heat release 
rate diagrams.
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In the experiment, we didn’t deal with the durability and reliability of the engine fueled in the proposed way. 
Only some possible problems related to the practical application of vegetable oils as a fuel were mentioned in 
the text. The results described in the paper encourage further research work in this field.

The energetic transition demands time. Camelina sativa can be applied for well-known power generation tech-
nology, CI engine. Its utilisation as a fuel would benefit the economy and agriculture. Increasing cultivation and 
the associated reduction in the price of oil produced from Camelina sativa for local energy production can be a 
way to use large areas of wasteland. It is particularly important in agroecosystem creation in climate change time.

Figure 6.   Measured and calculated engine parameters for the same injection strategy applied for raw Camelina 
sativa oil (CS) and diesel oil (DO (CS regulation)) and for modified injection strategy for diesel oil (DO 
modified) for different λ: (a) BMEP, (b) Qc, (c) MFB50, (d) dp/dα, (e) ηth, (f) COVIMEP, (g) texh, the volumetric 
share of: (h) H2O, (i) CO, (j) THC, (k) NOx in exhaust gases, (l) PM concentration in exhaust gases.
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Figure 7.   The comparison of some characteristic parameters of the injection and combustion process of raw 
Camelina sativa oil and diesel oil (two injection strategies) for different excess air coefficients (λ). (a) Raw 
Camelina sativa oil, (b) diesel oil (the same injection strategy as for raw Camelina sativa oil), (c) diesel oil 
(modified injection strategy).
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The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 31 August 2023; Accepted: 2 November 2023

References
	 1.	 Use of Energy Explained. Energy Use for Transportation. https://​www.​eia.​gov/​energ​yexpl​ained/​use-​of-​energy/​trans​porta​tion.​php 

(Accessed 02 August 2023) (U.S. Energy Information Administration).
	 2.	 Babu, A. K. & Devaradjane G. Vegetable Oils and Their Derivatives as Fuels for CI Engines: An Overview. SAE Technical Paper 2003-

01-0767 (2003).
	 3.	 Hartmann, R. M., Garzón, N. A. N., Hartmann, E. M., Oliveira, A. & Bazzo, E. Vegetable oils of soybean, sunflower and tung as 

alternative fuels for compression ignition engines. Int. J. Thermodyn. 16(2), 455. https://​doi.​org/​10.​5541/​ijot.​455 (2013).
	 4.	 Esteban, B., Riba, J. R., Baquero, G., Rius, A. & Puig, R. Temperature dependence of density and viscosity of vegetable oils. Biomass 

Bioenergy 42, 164–171. https://​doi.​org/​10.​1016/j.​biomb​ioe.​2012.​03.​007 (2012).
	 5.	 Bialkowski, M. T. et al. Preliminary approach towards a CDI system modification operating on neat rapeseed oil. J. KONES 12(1), 

1 (2005).
	 6.	 Kook, S. & Pickett, L. M. Liquid length and vapour penetration of conventional, Fischer–Tropsch, coal-derived, and surrogate fuel 

sprays at high-temperature and high-pressure ambient conditions. Fuel 93, 539–548 (2012).
	 7.	 Li, X. et al. A review on the recent advances of flash boiling atomisation and combustion applications. Prog. Energy Combust. Sci. 

100, 101119. https://​doi.​org/​10.​1016/j.​pecs.​2023.​101119 (2024).
	 8.	 Payri, R., Giraldo, J. S., Ayyapureddi, S. & Versey, Z. Experimental and analytical study on vapour phase and liquid penetration 

for a high pressure diesel injector. Appl. Therm. Eng. 137, 721. https://​doi.​org/​10.​1016/j.​applt​herma​leng.​2018.​03.​097 (2018).
	 9.	 Park, Y. et al. Effects of diesel fuel temperature on fuel flow and spray characteristics. Fuel 162, 1. https://​doi.​org/​10.​1016/j.​fuel.​

2015.​09.​008 (2015).
	10.	 Lebedevas, S., Raslavičius, L. & Rapalis, P. Simulation of microalgae oil spray characteristics for mechanical fuel injection and 

CRDI systems. Biomass Convers. Biorefin. https://​doi.​org/​10.​1007/​s13399-​022-​02973-5 (2022).
	11.	 Wang, S. et al. Mechanism of flash boiling bubble breakup based on rim-like structure. Fuel 329, 125345. https://​doi.​org/​10.​1016/j.​

fuel.​20 (2022).
	12.	 Xuesong, L. et al. Fuel modification flash boiling atomisation and combustion in reciprocating engines. J. Energy Inst. 111, 101268. 

https://​doi.​org/​10.​1016/j.​joei.​2023.​101268 (2023).
	13.	 Lebedevas, S., Klyus, O., Raslavičius, L., Krause, P. & Rapalis, P. Findings on droplet breakup behavior of the preheated microalgae 

oil jet for efficiency improvement in diesel engines. Biomass Convers. Biorefin. https://​doi.​org/​10.​1007/​s13399-​021-​02162-w (2022).
	14.	 Pawlak, G., Płochocki, P., Simiński, P. & Skrzek, T. The experimental verification of the multi-fuel IC engine concept with the use 

of jet propellant-8 (JP-8) and its blends with pure rapeseed oil. Int. J. Energy Environ. Eng. 12, 627–639. https://​doi.​org/​10.​1007/​
s40095-​021-​00398-w (2021).

	15.	 Landhäußer, F. et al. Overview of common-rail systems. In Automotive Mechatronics. Bosch Professional Automotive Information 
(ed. Reif, K.) (Springer, 2015).

	16.	 Mitar, J., Karanovic, V., Knežević, D. M. & Orošnjak, M. Diesel fuel filtration problems with modern common rail injection systems. 
Vojnotehnicki Glasnik 65(4), 968–993. https://​doi.​org/​10.​5937/​vojte​hg65-​11577 (2017).

	17.	 Anand, K., Ranjan, A. & Mehta, P. S. Estimating the viscosity of vegetable oil and biodiesel fuels. Energy Fuels 24(1), 664–672. 
https://​doi.​org/​10.​1021/​ef900​818s (2010).

	18.	 Petcu, A., Carlanescu, R. & Berbente, C. Straight and blended Camelina oil properties. In International Conference on Fluid 
Mechanics and Heat & Mass Transfer (Fluidshead’14) (2014).

	19.	 Electricity Maps. https://​www.​elect​ricit​ymaps.​com (Accessed 20 August 2023).
	20.	 Sulaiman, C. & Abdul-Rahim, A. S. Can clean biomass energy use lower CO2 emissions in African economies? Empirical evidence 

from dynamic long-run panel framework. Environ. Sci. Pollut. Res. 27, 37699–37708. https://​doi.​org/​10.​1007/​s11356-​020-​09866-y 
(2020).

	21.	 Clean Energy. https://​www.​consi​lium.​europa.​eu/​en/​polic​ies/​clean-​energy/ (Accessed 03 August 2023).
	22.	 Dangol, N., Shrestha, D. & Duffield, J. A. Life cycle analysis and production potential of Camelina biodiesel in the Pacific Northwest. 

Trans. Am. Soc. Agric. Biol. Eng. 58(2), 465–475. https://​doi.​org/​10.​13031/​trans.​58.​10771 (2015).
	23.	 Arshad, M. et al. Valorisation of Camelina oil to biobased materials and biofuels for new industrial uses: A review. RSC Adv. 12, 

27230–27245. https://​doi.​org/​10.​1039/​D2RA0​3253H (2022).
	24.	 Reinhardt, J., Hilgert, P. & Von Cossel, M. Yield performance of dedicated industrial crops on low-temperature characterised 

marginal agricultural land in Europe—A review. Biofuels Bioprod. Biorefin. 16, 609–622. https://​doi.​org/​10.​1002/​bbb.​2314 (2022).
	25.	 Keske, C. M. H., Hoag, D. L., Brandess, A. & Johnson, J. Is it economically feasible for farmers to grow their own fuel? A study of 

Camelina sativa produced in the western United States as an on-farm biofuel. Biomass Bioenergy 54, 89–99. https://​doi.​org/​10.​
1016/j.​biomb​ioe.​2013.​03.​015 (2013).

	26.	 Agarwal, A., Prakash, O. & Bala, M. Camelina sativa, a short gestation oilseed crop with biofuel potential: Opportunities for Indian 
scenario. Oil Crop Sci. 6(3), 114–121. https://​doi.​org/​10.​1016/j.​ocsci.​2021.​07.​001 (2021).

	27.	 Bakhshi, B., Rostami Ahmadvandi, H. & Fanaei, H. R. Camelina, an adaptable oilseed crop for the warm and dried regions of Iran. 
Cent. Asian J. Plant Sci. Innov. 1(1), 39–45 (2021).

	28.	 Murphy, E. J. Chapter 8—Camelina (Camelina sativa). In Industrial Oil Crops (eds McKeon, T. A. et al.) 207–230 (AOCS Press, 
2016).

	29.	 Waraich, E. et al. Camelina sativa, a climate proof crop, has high nutritive value and multiple-uses: A review. Austral. J. Crop Sci. 
7, 1551–1559 (2013).

	30.	 Chaturvedi, S., Bhattacharya, A., Khare, S. K. & Kaushik, G. Camelina sativa: An emerging biofuel crop. In Handbook of Environ-
mental Materials Management (ed. Hussain, C. M.) 1–38 (Springer, 2018).

	31.	 Gesch, R. W. et al. Comparison of several Brassica species in the north central US for potential jet fuel feedstock. Ind. Crops Prod. 
75, 2–7. https://​doi.​org/​10.​1016/j.​indcr​op.​2015.​05.​084 (2015).

	32.	 Kruczyński, S. W. Performance and emission of CI engine fuelled with Camelina sativa oil. Energy Convers. Manag. 65, 1–6. https://​
doi.​org/​10.​1016/j.​encon​man.​2012.​06.​022 (2013).

	33.	 Stamenković, O. S. et al. Biodiesel production from Camelina oil: Present status and future perspectives. Food Energy Secur. 12, 
e340. https://​doi.​org/​10.​1002/​fes3.​340 (2023).

	34.	 Berti, M., Gesch, R., Eynck, C., Anderson, J. & Cermak, S. Camelina uses, genetics, genomics, production, and management. Ind. 
Crops Prod. 94, 690–710. https://​doi.​org/​10.​1016/j.​indcr​op.​2016.​09.​034 (2016).

	35.	 Owczuk, M. & Kołodziejczyk, K. Assessment of the possibility of using straw and pomace of Camelina sativa as an alternative 
energy source. Chemik 65(6), 537–542 (2011).

https://www.eia.gov/energyexplained/use-of-energy/transportation.php
https://doi.org/10.5541/ijot.455
https://doi.org/10.1016/j.biombioe.2012.03.007
https://doi.org/10.1016/j.pecs.2023.101119
https://doi.org/10.1016/j.applthermaleng.2018.03.097
https://doi.org/10.1016/j.fuel.2015.09.008
https://doi.org/10.1016/j.fuel.2015.09.008
https://doi.org/10.1007/s13399-022-02973-5
https://doi.org/10.1016/j.fuel.20
https://doi.org/10.1016/j.fuel.20
https://doi.org/10.1016/j.joei.2023.101268
https://doi.org/10.1007/s13399-021-02162-w
https://doi.org/10.1007/s40095-021-00398-w
https://doi.org/10.1007/s40095-021-00398-w
https://doi.org/10.5937/vojtehg65-11577
https://doi.org/10.1021/ef900818s
https://www.electricitymaps.com
https://doi.org/10.1007/s11356-020-09866-y
https://www.consilium.europa.eu/en/policies/clean-energy/
https://doi.org/10.13031/trans.58.10771
https://doi.org/10.1039/D2RA03253H
https://doi.org/10.1002/bbb.2314
https://doi.org/10.1016/j.biombioe.2013.03.015
https://doi.org/10.1016/j.biombioe.2013.03.015
https://doi.org/10.1016/j.ocsci.2021.07.001
https://doi.org/10.1016/j.indcrop.2015.05.084
https://doi.org/10.1016/j.enconman.2012.06.022
https://doi.org/10.1016/j.enconman.2012.06.022
https://doi.org/10.1002/fes3.340
https://doi.org/10.1016/j.indcrop.2016.09.034


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:19731  | https://doi.org/10.1038/s41598-023-46613-y

www.nature.com/scientificreports/

	36.	 Prabhakar, G., Babu, B. S. & Hymavathi, D. Biodiesel production from vegetable oils: An optimisation process. Int. J. Chem. Pet-
rochem. Technol. 4(2), 19–28 (2014).

	37.	 Ciubota-Rosie, C., Ruiz, J. R., Ramos, M. J. & Pérez, Á. Biodiesel from Camelina sativa: A comprehensive characterisation. Fuel 
105, 62. https://​doi.​org/​10.​1016/j.​fuel.​2012.​09.​062 (2013).

	38.	 Yang, J., Caldwell, C., Corscadden, K., He, Q. S. & Li, J. An evaluation of biodiesel production from Camelina sativa grown in Nova 
Scotia. Ind. Crops Prod. 81, 73. https://​doi.​org/​10.​1016/j.​indcr​op.​2015.​11.​073 (2016).

	39.	 Soriano, N. U. & Narani, A. Evaluation of biodiesel derived from Camelina sativa oil. J. Am. Oil Chem. Soc. 89, 917–923. https://​
doi.​org/​10.​1007/​s11746-​011-​1970-1 (2012).

	40.	 Yildiz, M. M. & Özçelik, A. E. Investigation of the effects of Camelina sativa biodiesel and eurodiesel blends on vehicle performance 
and emissions. Int. J. Automot. Eng. Technol. 10(1), 74–82. https://​doi.​org/​10.​18245/​ijaet.​858795 (2021).

	41.	 Aydogan, H., Ozcelik, A. E. & Acaroglu, M. An experimental study of the effects of Camelina sativa biodiesel-diesel fuel on exhaust 
emissions in a turbocharged diesel engine. J. Clean Energy Technol. 5(3), 254–257 (2017).

	42.	 Murali, G., Anusha, M. & Arunkumar, M. Performance study of a single cylinder diesel engine using diesel with Pongamia pinnata 
and Camelina sativa seed oil blends. Mater. Today Proc. 21(1), 206–211. https://​doi.​org/​10.​1016/j.​matpr.​2019.​04.​222 (2020).

	43.	 Oni, B. A. & Oluwatosin, D. Emission characteristics and performance of neem seed (Azadirachta indica) and Camelina (Camelina 
sativa) based biodiesel in diesel engine. Renew. Energy 149, 725–734. https://​doi.​org/​10.​1016/j.​renene.​2019.​12.​012 (2020).

	44.	 Fröhlich, A. & Rice, B. Evaluation of Camelina sativa oil as a feedstock for biodiesel production. Ind. Crops Prod. 21(1), 25–31 
(2005).

	45.	 Hosseinzadeh-Bandbafha, H. et al. Biodiesel antioxidants and their impact on the behavior of diesel engines: A comprehensive 
review. Fuel Process. Technol. 232, 7264. https://​doi.​org/​10.​1016/j.​fuproc.​2022.​107264 (2022).

	46.	 Zaleckas, E., Makarevičienė, V. & Sendžikienė, E. Possibilities of using Camelina sativa oil for producing biodiesel fuel. Transport 
27(1), 60–66. https://​doi.​org/​10.​3846/​16484​142.​2012.​664827 (2012).

	47.	 Wang, Z., Feser, J. S., Lei, T. & Gupta, A. K. Performance and emissions of Camelina oil derived jet fuel blends under distributed 
combustion condition. Fuel 271, 7685. https://​doi.​org/​10.​1016/j.​fuel.​2020.​117685 (2020).

	48.	 Mangra, A. C., Porumbel, I. & Florean, F. G. Experimental measurements of Camelina sativa oil combustion. Energy Sustain. Dev. 
44, 109–116. https://​doi.​org/​10.​1016/j.​esd.​2018.​03.​008 (2018).

	49.	 Bernardo, A. et al. Camelina oil as a fuel for diesel transport engines. Ind. Crops Prod. 17(3), 191–197. https://​doi.​org/​10.​1016/​
S0926-​6690(02)​00098-5 (2003).

	50.	 Maryom, D. & Ujjwal, K. S. Application potential of vegetable oils as alternative to diesel fuels in compression ignition engines: A 
review. J. Energy Inst. 92(6), 1710–1726. https://​doi.​org/​10.​1016/j.​joei.​2019.​01.​003 (2019).

	51.	 Orlen. Ekodiesel Ultra. https://​www.​orlen.​pl/​en/​for-​busin​ess/​produ​cts/​fuels/​diesel-​fuels/​ekodi​esel-​ultra (Accessed 04 August 2023).
	52.	 Single Cylinder Research Engine 5405. User’s Guide. AVL AT5472E Rev. 00 (2013).
	53.	 Skrzek, T. et al. Repeatability of high-pressure measurement in a diesel engine test bed. Sensors 20, 3478. https://​doi.​org/​10.​3390/​

s2012​3478 (2020).
	54.	 Krishnamoorthi, M., Malayalamurthi, R., He, Z. & Kandasamy, S. A review on low temperature combustion engines: Performance, 

combustion and emission characteristics. Renew. Sustain. Energy Rev. 116, 9404. https://​doi.​org/​10.​1016/j.​rser.​2019.​109404 (2019).

Author contributions
G.P.: Conceptualization, Methodology, Investigation, Writing—Original draft preparation. T.S.: Investigation, 
Visualization. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to G.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1016/j.fuel.2012.09.062
https://doi.org/10.1016/j.indcrop.2015.11.073
https://doi.org/10.1007/s11746-011-1970-1
https://doi.org/10.1007/s11746-011-1970-1
https://doi.org/10.18245/ijaet.858795
https://doi.org/10.1016/j.matpr.2019.04.222
https://doi.org/10.1016/j.renene.2019.12.012
https://doi.org/10.1016/j.fuproc.2022.107264
https://doi.org/10.3846/16484142.2012.664827
https://doi.org/10.1016/j.fuel.2020.117685
https://doi.org/10.1016/j.esd.2018.03.008
https://doi.org/10.1016/S0926-6690(02)00098-5
https://doi.org/10.1016/S0926-6690(02)00098-5
https://doi.org/10.1016/j.joei.2019.01.003
https://www.orlen.pl/en/for-business/products/fuels/diesel-fuels/ekodiesel-ultra
https://doi.org/10.3390/s20123478
https://doi.org/10.3390/s20123478
https://doi.org/10.1016/j.rser.2019.109404
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Combustion of raw Camelina sativa oil in CI engine equipped with common rail system
	Camelina sativa as an energetic plant
	The experiment
	The results
	Conclusions
	References


