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Abstract

:

The technical and environmental parameters of the diesel internal combustion engine using two new samples of biofuels SAMPLE 1 and SAMPLE 2 were evaluated in this paper. SAMPLE 1 and SAMPLE 2 biofuels were tested on a LOMBARDINI LDW 502 internal combustion engine, which was loaded on a dynamometer according to the applicable national and international standards. This method can also be applied to marine engines and contribute to a higher level of marine ecology. The result of the testing was to determine the impact of tested biofuels on the technical parameters engine power and torque and the environmental parameters emissions of smoke, nitrogen oxides, and economy of the internal combustion engine-specific fuel consumption. From the measured data, another parameter was calculated, such as the injected fuel dose and the overall efficiency of the internal combustion engine. The results show that the new samples of SAMPLE 1 and SAMPLE 2 biofuels tested could be a suitable alternative to standard diesel.
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1. Introduction


At present, the issue of environmental studies and energy is one of the serious problems in society [1,2]. Transport has a significant impact on the creation of undesirable emissions as well as energy load. Depending on the level of motorization, the transport sector contributes to air pollution (CO2) in the range of approximately 11% [3]. The main share of liquid driving fuel falls on road and rail transport. Energy consumption in transport is increasing both in absolute terms, i.e., in energy units, but also in relative terms, which can be characterized as its share in the total energy consumption of all sectors in all major regions of the world [4]. At present, the transport sector contributes circa 32% of the EU’s energy consumption. We can therefore state that the transport sector is one of the most demanding in terms of energy consumption [5].



The power unit in mobile energy used in transport is an internal combustion engine. One of the disadvantages of an internal combustion engine is the products of combustion, i.e., exhaust emissions. Exhaust emissions from a diesel engine have a negative impact on the environment as well as on humans [6]. These are mainly emissions of pollutants, especially “greenhouse” gases, which cause gradual irreversible warming of the planet and disequilibriate in nature with acid rain. This is mainly carbon dioxide CO2, nitrogen oxides NOX, methane CH4, and sulfur oxides SOX [7]. The exhaust gases of a diesel engine form a complex mixture of compounds present in the solid and gaseous phases and include certain classes of compounds, such as polycyclic aromatic hydrocarbons, many of which are genotoxic. These gases are released into the air by burning fossil fuels (crude oil, coal, and natural gas) [8]. The European Community, as the regulatory authority for motor vehicles, has been setting limit requirements for vehicles for more than 20 years in terms of their environmental impact [9]. Arrangements have been proposed to achieve the goal of reducing greenhouse gas emissions, which should replace up to 10% of standard hydrocarbon fuels in biofuels in the near future. Many technologies are currently being used to reduce particulate emissions, including engine constructional modifications, emission control devices, and the use of alternative fuels [10].



The composition of exhaust gases and the proportion of the individual components of the diesel engine are relatively balanced [11]. During the technical life of the engine, there are no gradual changes in the difference in the proportions of individual components in all modes of engine operation. A change in the technical condition of the engine affecting the quality of the mixture preparation or the conditions of the combustion process causes an increase in the production of CO resp. HC. This is reflected, on the one hand, in a decrease in the effective pressure, and thus in an improvement in the conditions for reducing the content of nitrogen oxides NOX, and, on the other hand, a change in the temperature balance has the effect of increasing the production of solid particles. It is clear from this that the deterioration of the technical condition of the engine while maintaining the transport characteristics of the injection pump will be reflected in a decrease in the engine torque while maintaining hourly fuel consumption and thus an increase in specific fuel consumption. This condition is reflected in a change in the shares of individual pollutants in the exhaust emission, namely by a decrease in the proportion of NOX and an increase in the proportions of CO and HC with a simultaneous increase in the smoke of the engine [12].



The possibility of creating new emissions should also be considered if additives are applied to the fuel or lubricating oil and where fluids are introduced into the exhaust gases. A well-known example is urea used to reduce NOX emissions in an SCR catalyst. SCR can include ammonia, as well as a number of substances from incomplete decomposition of urea [13].



One way to comply with stricter emissions regulations is to focus attention and look for suitable alternative fuels as reported by [14] in his publication. According to these authors, the main alternative fuels used in automobile transport could be ethanol, hydrogen, and biodiesel. A large number of studies have shown that biodiesel could be an alternative fuel, which is one of the fuels that could be used in diesel engines with little or no treatment requirements with little or no adjustment requirements [15]. It has been proven that biodiesel has significant potential for reducing CO2, CO, THC, and PM emissions [16,17]. Studies on biodiesel have been extensively researched due to their attributes of ecological and economic viability and their aspects [18]. Biodiesel consists of various organic substances. These substances can be combined with fuel in various ratios [19]. It is not necessary to modify the diesel engine to use biodiesel, because the properties of biodiesel are similar to conventional fuels. The advantage of biodiesel is that it is a renewable energy source, biodegradable, environmentally friendly, non-explosive, and produces less emissions [20]. The main components of biodiesel are cooking oil, vegetable waste and oils, and animal fats. The use of these oils and fats is inconvenient without further treatment because they have a higher viscosity than normal crude oil [21]. Biofuel sources are divided into edible (sunflower oil, peanut oil, coconut oil, palm oil, etc.) and inedible (jojoba, jatropha, cotton, moringa, etc.) sources [22]. Studies have shown that a mixture of biodiesel reduces emissions of gases (CO, PM, and HC) that are toxic to the environment and increase air pollution [21]. When comparing biofuels with conventional oil, both substances have the same physicochemical properties. Thanks to these properties, the engine needs only a small modification [23]. Mixing diesel with inedible oil increases the given properties of the fuel. Antony et al. studied the combination of fuel with candle and mind oil. This combination showed reduced CO, CO2, HC, and NOX emissions compared to pure diesel [24]. The authors Sharma et al., researched the energy and emission parameters of the hydroxyl diesel engine. These results revealed that CO, unburned hydrocarbon, and smoke emissions were reduced, and NOX emission enhanced [25]. The authors Sarıkoç et al. investigated the performance of the diesel engine with different biodiesel and diesel-butanol blends. These results revealed that biodiesel increases the energy efficiency and that 75% diesel, 20% biodiesel, and 5% butanol is the best fuel ratio for sustainability parameters [26]. The authors Gad et al. performed an analysis of a diesel engine with waste cooking oil biodiesel and gasoline. These results revealed that the addition of gasoline reduces the opacity of CO, NOX, unburned hydrocarbon, and smoke and that a mixture of 92% waste cooking oil and 8% gasoline is the best combination in terms of the performance and emission characteristics [27]. Alternative fuels made from agricultural products have a higher oxygen content compared to diesel. The authors Ramadhas et al. state that the use of mixtures of methyl esters of vegetable oils achieves the same engine power as diesel at full load conditions, as well as the average load at different engine speeds [28]. The authors Qi et al. and Frijters & Baert agree that the lower heat value of biodiesel must be offset by its higher consumption. The performance of an internal combustion engine is affected by the properties of the biofuel, in particular its heat value, viscosity, and lubricating properties [29,30].



It can be stated that alternative fuels or their mixtures formed with diesel are constantly the subject of research, with a focus on reducing emissions arising from their combustion in the engine, but also the conversion of their heat energy into mechanical work [31]. Currently, researchers are involved in environmental protection and the production of biofuels and its use in various equipment [32]. Many research articles on energy, emission, and combustion analysis of biodiesel engines are available, such as [33,34].




2. Materials and Methods


2.1. Test Conditions for Engines in Laboratory Conditions


According to ISO 2288, STN 30 0415, and STN ISO 789–1 (30 0411), the conditions for testing tractor engines in laboratory conditions are as follows:




	
The test must be performed at the set full fuel dose on the injection pump;



	
The test shall be performed on the engine after running-in, as consistent with the manufacturer’s recommendations, under conditions of stable engine operation;



	
When preparing the engine for the tests, a setting must be made, which must not be changed during the tests;



	
Engines supplied for testing must be equipped completely according to the manufacturer’s enclosed technical documentation, with documents of acceptance by the technical inspection of the production company and the running-in protocol;



	
All repair principles and deficiencies must be recorded during the tests;



	
The atmospheric conditions of the test should be as close as possible to the reference to reduce the value of the correction factor. This represents an atmospheric pressure of 96.6 kPa and a temperature of 23 ± 7 °C;



	
The temperature of the air entering the engine must be measured at a maximum distance of 0.15 m from the inlet. The temperature sensor should be protected from radiant heat and placed in the air flow;



	
The countdown can only take place when the torque, speed, and temperature are approximately constant for at least one minute;



	
The speed value after setting it must not change Δn = ±1% or 10 min−1, taking into account the higher value;



	
The average value of two stable measurements (differing by a maximum of 2%) of load, consumption, and intake air temperature shall be recorded;



	
For temperature and speed measurements, a minimum measurement time of 30 s is set for automatic measurement and 50 s for manual measurement;



	
Unless otherwise specified by the manufacturer, the outlet coolant temperature shall be 80 ± 5 °C and the oil temperature shall be between 80 and 100 °C for air-cooled engines, and the temperature must be maintained at the exact location specified by the manufacturer with a tolerance of ±20 °C;



	
The fuel temperatures at the inlet to the injection pump and crankcase (or at the outlet from the oil cooler) must be within Δt ± 5 °C of the temperature specified by the engine manufacturer with a minimum value of 30 °C;



	
The exhaust outlet temperature must be measured at the exhaust flange and must be within the specified range;



	
The exhaust system in the test cell must not, during engine operation, generate a pressure other than atmospheric pressure with a tolerance of Δp ± 740 Pa (measured at the connection point);



	
The cooler, blower, water pump, and thermostat must be located as mounted on the vehicle during the test;



	
Auxiliary equipment is specified, which must be included in the test; others must be excluded during the test;



	
Engine tests should be performed without interruption. When it is necessary to shut down the engine during the tests, it must be ensured that it warms up to the prescribed steady values [35].








The accelerator pedal was pressed quickly but non-violently (at most in 1 s) to achieve the maximum fuel quantity, and it was released until the maximum rpm had been reached and recorded by the device, i.e., until approximately 2 s after reaching them. After releasing the accelerator pedal, a decrease in speed was expected, which could not be higher than the value of idling speed. Subsequently, the values of the absorption coefficient, idle rpm, maximum speed, and acceleration time were recorded. Free acceleration was performed 3 times, and the time between two successive presses of the accelerator pedal was at least 10 s. A flow meter from EMICRON DMS 1 was used to measure consumption, which measures with an accuracy of up to 1%. The accuracy of the dyno is 2%.




2.2. Characteristics of the Measured Object


An Italian-made LOMBARDINI LDW 502 diesel engine, which meets the EURO 2 emission standard, was used for the measurement. The LOMBARDINI LDW 502 engine is a water-cooled four-stroke in-line twin-cylinder with direct fuel injection and a pump-nozzle injection system. The engine distribution is an overhead valve and there are two valves per cylinder. The engine is not supercharged. The basic parameters of engine are in Table 1.



The emission state of the combustion engine was measured with an exhaust gas analyzer MET 6.3 from MAHA. The meter operates with an expanded measurement uncertainty U, which is expressed as the standard measurement uncertainty multiplied by the overlap coefficient k = 2, which, under a normal distribution, corresponds to a probability of coverage of approximately 95% and was set according to MSA 0104-97, respectively EA-4/02 M:2013.



The basic technical data of the emission analyzer MET 6.3 are listed in Table 2.



The aim was to assess new samples of biofuels with a focus on the technical-operational parameters, emission parameters, and fuel consumption in accordance with the requirements of the manufacturer of alternative fuels by the designed laboratory device (Figure 1).



Characteristics of the Fuels Used to Monitor the Emission Status of the Combustion Engine


Samples of biofuels were provided for experimental purposes and assessment in accordance with the manufacturer. However, the manufacturer provided only the basic parameters of the samples. For this reason, only the basic fuel specification is given in the tables.



During the measurements, diesel was used in the fuel system, the basic specifications of which are listed in Table 3.



The results of technical-exploitative and emission tests were compared with the results, which were achieved by measuring the reference sample, which is diesel.



Table 4 and Table 5 show the parameters of the alternative fuel SAMPLE 1 and SAMPLE 2, the new sample.



The test methods for determining the parameters listed in Table 4 and Table 5 were determined according to the following test methods: STN EN ISO 12937, STN EN 14105, STN EN ISO 12185, STN EN ISO 20846, STN EN ISO 5165, ASTM D 3231, ASTM D 6751, STN 65 6063, STN EN ISO 3104, STN EN ISO 2719, STN EN 116, STN EN ISO 10370, STN EN 14104, STN EN 12662, STN EN 14103.





2.3. Calculation of the Correction Factor Ka and the Motor Factor fm


When determining the correction factor Ka, the absolute temperature (T) of the air drawn into the engine, expressed in kelvins, and the dry atmospheric pressure (p) expressed in kPa or mbar, and according to the relations below, the parameter Ka is determined.



Calculation of the Correction Factor for Diesel Engines without Supercharging or with Mechanical Supercharging


To calculate the correction factor for diesel engines without supercharging respectively with mechanical supercharging, relations according to DIN, EWG, ISO, SAE, and JIS standards are used. For standards EWG 80/1269, ISO 1585, SAE J1349, and JIS D1001, the calculation of the correction factor according to the relation:


   K a  =    [    990  p  ·    (   T  298    )    0.7    ]    f m    



(1)







The following applies to DIN 70020:


   K a  =   1013  p  ·    (   T  293    )    0.5    



(2)









2.4. Uncertainty Analysis


The measurement uncertainty for the MET6.3 emission analyzer is U = 2.



Mathematical Statistical Analysis of the Processing Achieved Results


The determination of the required number of repetitions of the experiment can be performed according to the given methods if the standard deviation of the measured quantity or the coefficient of variation is known in advance. These values can be known from previous measurements, preliminary control measurements, or the literature. The determination of these basic parameters of descriptive statistics is given in the following section. If the standard deviation is known, then the number of repetitions of the experiment can be determined for the selection with repetition according to Equation (3).



To determine the probability value, i.e., assumption of the occurrence of analogous results when repeating the experiment, there are no precise rules. In experiments associated with the construction of machines, a probability of 90% is required. The relationship for determining the number of repetitions can be written as follows:


  n =  t a 2  ·  s   Δ 2     



(3)




where:



n is the number of repetitions detected;



ta is the critical value of the normal distribution for a bilateral estimate;



Δ is the selected value of the required accuracy;



S is the estimate of the standard deviation of the base set.



In experiments in which partial regularities and values of quantities serving as a basis for further calculations are determined, it is necessary that the probability achieves 99% [34].



The following relationship can be used to determine the required number of set repeats [13]:


  n =   N ·  t a 2  ·  s 2     t a 2  ·  s 2  + N · Δ    



(4)




where:



N is the extent of the set used.



This calculation method can also be used for the base set, because at values N > 106, the required number of repetitions n further increases very slightly.



If the coefficient of variation of the set vk is known, then the required number of repetitions can be determined according to the relation:


  n =    v k 2  ·  t a 2     δ 2     



(5)




where:



n is the number of repetitions detected;



ta is the critical value of the normal distribution for a bilateral estimate;



vk is the coefficient of variation, %;



δ is the maximum permissible error, %.



For a known value of the coefficient of variation, it is possible to determine the required number of repetitions using the ratio δ/vk.



As far as the measurement of one quantity is concerned, the task of the proposal is reduced to determine the number of repeated measurements. For repeated measurements under the same conditions, the number of measurements is determined either by the prescribed uncertainty of the measurement result or by the prescribed costs. The uncertainty of the measurement result is formed by the uncertainty evaluated by the type A method and the uncertainty evaluated by the type B method. The first component of uncertainty is affected by the number of measurements and the second component by the measurement method, measuring equipment, measurement conditions, etc. In order to achieve the expected uncertainty of the measurement result, we had to choose the appropriate method, measuring equipment, and measurement conditions. By the number of measurements, we were able to influence only the component of uncertainty determined by the type A method [35].



For repeated measurement under the same conditions for the measured values X1, X2,…, Xn, the estimate of the value of the measured quantity is given by the arithmetic mean of the measured values (at zero corrections) and the uncertainty assessed by the type A method by:


   μ A  =  s   n     



(6)




where:



s is the selection standard deviation.



The sample standard deviation of the data is defined as the square root of the sample variance. We calculated the sample standard deviation from the realized selection, i.e., if we do not have a complete set of possible states but only a selection of them. For example, we measured the value of a certain physical quantity and repeated the measurement, e.g., 10 times. Because each equipment has its own prescribed accuracy class, the results of our measurements varied slightly at the lowest order locations. Then, we cannot determine the standard deviation for a small number of measurements. We must therefore consider n − 1 in the formula (because 1 measurement is already dependent on the calculation of the mean value). For a large number of measurements, the difference between the standard and sample standard deviation is lost [36].



The sample standard deviation is then given by:


  s =    1  n − 1     ∑   i = 1  n     (   x i  −  x ¯   )   2     



(7)




where:



xi is the measured values;



  x ¯   is the arithmetic mean.



Equation (7) results in the recalculation of repeated measures characterized by the variance s2 to achieve a given uncertainty component μA:


  n ≥    (   s   μ A     )   2   



(8)







This means that if we want to reduce the uncertainty component of type A by k times, we must increase the number of measurements k by 2 times with constant variance s2. Another way is to take measures to reduce the variance of measurements.



When measuring several quantities, we want to find a measurement proposal for which the uncertainties in determining the values of all quantities would be the smallest of all possible proposals. We call such a proposal evenly the best proposal. In reality, however, the existence of a uniformly best proposal is rare. Therefore, we must most often specify the goal of the experiment (measurements), and choose the appropriate proposal selection criterion [36].





2.5. Influence of the Tested Fuel on the Technical and Ecological Parameters of the LOMBARDINI LDW 502 Engine


The technical and ecological parameters of the LOMBARDINI LDW 502 engine were determined during the combustion of standard hydrocarbon fuel and two samples of alternative fuels. The engine is made by Lombradini a Kohler Company, Emilia, Italy. Diesel was the reference fuel on the basis of which the data obtained during the application and combustion of the alternative fuel SAMPLE 1 and SAMPLE 2 were compared with a new sample in the fuel system of the above engine.



The benchmarks for all fuels tested included:




	
Torque Mk, Nm;



	
Corrected power Pekor, kW;



	
Injected fuel dose, μL·cylinder−1·cycle−1;



	
Specific fuel consumption mpe, g·kW−1·h−1;



	
Thermal efficiency ηt, %;



	
Smoke value, k, m−1;



	
NOX emission value, ppm.








To determine the thermal efficiency of the engine ηt, it is necessary to know the energy, which is contained in the fuel Ep, which can be expressed by the relation:


   E p  =    M p  · H U   3.6     kJ ·  s  − 1    



(9)




where:



Mp is the hourly fuel consumption, kg·h−1;



HU is the lower heat value of fuel, MJ·kg−1.


   η t  =    P  e k o r      E p    · 100 %  



(10)







Measurement of Technical and Ecological Parameters on the Test Engine for Discrete Measurement


Results of measurement of technical and ecological parameters of the engine on a test rig at steady state with fuel: diesel.



Conditions under which the measurements were made:



	Laboratory temperature
	24.2 °C = 297.35 K



	Atmospheric pressure
	99.17 kPa



	Humidity
	30.90%



	Fuel density–diesel
	0.84 g·cm−3



	Fuel heat value–diesel
	41.90 MJ·kg−1








Results of measurement of technical and ecological parameters of the engine on a test rig at steady state with fuel: SAMPLE 1:



Conditions under which the measurements were made:



	Laboratory temperature
	23.7 °C = 296.85 K



	Atmospheric pressure
	101.3 kPa



	Humidity
	26.57%



	Fuel density–SAMPLE 1
	0.88 g·cm−3



	Fuel heat value–SAMPLE 1
	38.50 MJ·kg−1








Results of measurement of technical and ecological parameters of the engine on a test rig at steady state with fuel: SAMPLE 2:



Conditions under which the measurements were made:



	Laboratory temperature
	24 °C = 297.15 K



	Atmospheric pressure
	101.5 kPa



	Humidity
	31.27%



	Fuel density–SAMPLE 2–new sample
	0.88 g·cm−3



	Fuel heat value–SAMPLE 2–new sample
	38.00 MJ·kg−1











3. Results


Evaluation of Measured Data from Tests of Tested Fuels on a Test Device at Steady State Mode with the LOMBARDINI LDW 502 Test Engine


Statistically, the minimum number of measurements was calculated to be three. We performed seven measurements for each tested fuel. The correction factor was calculated according to Formula (1), valid for EGG 80/1269, which is used for non-supercharged engines. If the motor has no engine factor, the parameter is specified according to the engine type, the engine factor is set at 0.3 also in accordance with the manufacturer’s recommendations. The operating conditions for the tests were as follows:



The engine temperature during the measurement ranged from 80 to 92 °C, and the speed range during loading was from 1200 to 3200 min−1. The tests were performed according to ISO 2288, STN 30 0415, and STN ISO 789-1 (30 0411).



Based on the measured data of the tested fuels, the graphical dependences of the compared samples of biofuels with the reference fuel were constructed. The results of the measurements are recorded in graphical form in Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6.



Figure 2 shows the relationship of torque and fuel injection to rpm for diesel fuels SAMPLE 1 and SAMPLE 2. It can be seen from the graphic expression that there are minimal differences between the individual fuels, both during the torque curves and in the achieved torque values. The torque values for SAMPLE 1 fuel were increased by 2.4% at 3200 rpm compared to diesel fuel; however, in the speed range at maximum torque, a decrease of 0.3% was recorded, which is a negligible value. It is worth mentioning the recorded value of torque at the speed of 2800 rpm and the course of the torque curve from the speed of 1600 rpm to the speed of 1200 rpm for the mentioned tested fuel. The increase in torque at 2800 rpm as a linear course of torque in the speed range from 1600 to 1200 rpm is due to the amount of fuel injected per cycle, which is directly proportional to the hourly fuel consumption Mp and inversely proportional to the engine speed n and the density of the fuel ρ.



When comparing SAMPLE 2 fuel with the reference diesel fuel (Figure 2), minimal differences were found during the torque, as well as in the achieved values. The range of torque reduction for SAMPLE 2 fuel is from 0.33 to 2% compared to diesel.



[image: Jmse 10 00001 g002 550] 





Figure 2. Comparison of the course of torque and injected fuel dose with tested fuels on the LOMBARDINI LDW 502 engine. 
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Regarding the comparison of the injected fuel dose per cylinder and cycle (Figure 2), for SAMPLE1, the value increased from 3% to 7% compared to the reference diesel. In contrast, with SAMPLE 2 fuel, there was a reduction in the fuel injection in the range of 4% to 7% compared to diesel.



As indicated above, the amount of fuel injected per cylinder and cycle is significantly affected by the bulk density of the fuel. which is also confirmed by the relationship for the calculation of the injected fuel dose (11):


   V v  =     10  6  ·  M p    2.60 · n · ρ     μ L / cylinder · cycle  



(11)




where:



Vv is the fuel injection, μL/cylinder·cycle;



Ρ is the fuel density, kg·dm−3;



Mp is the hourly fuel consumption, kg·h−1.



The interdependencies between the rpm, torque, and injected dose for the tested fuels in a 3D view on the LOMBARDINI LDW 502 engine are shown in Figure 3.



[image: Jmse 10 00001 g003 550] 





Figure 3. Interdependence of rpm, torque, and injection. (a) DIESEL, (b) SAMPLE 1, (c) SAMPLE 2. 
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An evaluation of the tested biofuels was also performed on the basis of a mutual comparison of the achieved effective power Pe and energy supplied in the fuel Ep. The results of the mutual comparison are shown in graphical form in Figure 4. From the external speed characteristic of the LOMBARDINI LDW 502 engine (Figure 4), it can be seen that the effective engine power is constant in the speed range from 2000 to 3000 rpm.



When comparing the achieved power on the LOMBARDINI LDW 502 engine when applying SAMPLE 1 fuel, it can be stated that in the rpm range at which the above-mentioned diesel engine achieves constant values of effective power, there was a decrease in power ranging from 1.76% to 2.84% compared to diesel. In the speed range from 1200 to 2000 rpm, a decrease in power from 0.5% to 2.5% was recorded.



A decrease in effective power was also observed when SAMPLE 2 fuel was applied. In the speed range from 2000 to 3000 rpm, a decrease in effective power in the range from 2% to 3% was recorded. At 3200 rpm, power decreased by approximately 5% and in the speed range from 1200 to 2000 rpm, a decrease in power from 3% to 4% was recorded.



When comparing the energy supplied in the fuel Ep (Figure 4), it can be seen that the highest value is reached by the fuel curve–SAMPLE 1. Compared to diesel fuel, the curve of energy supplied in the fuel with the above-mentioned alternative fuel is higher in the range from 2% to 6%. A lower decrease in the compared indicator was recorded for fuel SAMPLE 2. For this fuel, a decrease in the energy supplied in the fuel in the range from 2% to 6% was recorded compared to diesel. The indicator ‘energy supplied in fuel Ep’ is affected by the hourly fuel consumption and the lower heat value of the fuel, as expressed by the relationship (9).



[image: Jmse 10 00001 g004 550] 





Figure 4. Comparison of the course of power and energy delivered in the fuel with the tested fuels on the LOMBARDINI LDW 502 engine. 
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The interdependencies between the rpm, torque, and injected dose in the 3D view for the fuels tested on the LOMBARDINI LDW 502 engine are shown in Figure 5.
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Figure 5. Interdependence of rpm, power, and energy supplied in the fuel. (a) DIESEL, (b) SAMPLE 1, (c) SAMPLE 2. 
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Other indicators that were evaluated from the point of view of biofuel testing are the specific fuel consumption mpe and the thermal efficiency of the CI engine ηc (Figure 6).



The reference diesel fuel reached the lowest value of specific fuel consumption compared to the compared samples of biofuels. In the SAMPLE 1 sample, the value of specific fuel consumption was higher, in the range from 9% to 12%. The highest difference in specific consumption was recorded in the speed range from 1200 to 2000 rpm.



The values of specific consumption with SAMPLE 2 fuel were higher compared to diesel, in the range from 0.7% to 4%. The highest difference in specific consumption was recorded as in the previous case in the speed range from 1200 to 2000 rpm.



When comparing the tested fuels from the point of view of the thermal efficiency of the LOMBARDINI LDW 502 engine, it can be stated that the highest efficiency was achieved by the diesel engine at 2200 rpm at all tested fuels. The results were calculated from the measured values according to Formulae (9) and (10). At the indicated rpm, the combustion engine operates with the lowest specific fuel consumption. The highest thermal efficiency at 2200 rpm was achieved by the combustion engine with diesel fuel. In the SAMPLE 2 fuel tests, a decrease in thermal efficiency of only 1.4% was recorded at 2200 rpm. Compared to diesel, the value of thermal efficiency decreased from 27% to 26.6%.



[image: Jmse 10 00001 g006 550] 





Figure 6. Comparison of the course of specific fuel consumption and thermal efficiency with tested fuels on the LOMBARDINI LDW 502 engine. 
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When SAMPLE 1 was applied, the value of the thermal efficiency compared to diesel was reduced by 5.6% at 2200 rpm.



The course, as well as the size of the thermal efficiency of the diesel engine is given by the ratio of effective power and energy supplied in the fuel, as given by the relation ηc, which is given in Section 2.5.



From the measured smoke data, it is clear that the range of the MAHA MDO–2 Lon Euro did not allow measurement of the smoke values for SAMPLE 1 and SAMPLE 2 fuels at individual load points of the diesel engine. For this reason, NOX emission values were monitored and recorded as the LOMBARDINI LDW 502 diesel engine was gradually loaded. A comparison of the measured NOX emissions from diesel and two alternative fuels is shown in Figure 7.



It was not possible to assess the emission state from the point of view of the absorption coefficient on the tested internal combustion engine. The reason was the low values of the absorption coefficient in the tested samples, which the measuring device could not detect.



A situation in which the analyzer is unable to evaluate the absorption coefficient values also occurs in vehicles equipped with after-treatment devices (EURO 5, EURO 6). Due to the impossibility of assessing the emission state of the diesel engine by measuring the absorption coefficient caused by exhaust gas filtration, it was necessary to find another alternative method of assessing the emission state of the diesel engine. This study focused on NOx emissions in accordance with the requirements of the biofuel sample manufacturer. In the future, NOx emissions may be used to assess the emission status of an internal combustion engine together with methods for detecting malfunctioning, damaged, or dismantled exhaust after-treatment devices.



As can be seen from the graphical comparison of the measured emissions of nitrogen oxides NOX (Figure 7) under the load of the diesel engine, it can be stated that nitrogen oxides are higher for both tested alternative fuels than for the reference fuel. The average value of nitrogen oxides recorded when loading the LOMBARDINI LDW 502 powered by diesel reached 212 ppm. The measured value is 4.5% lower than the average value of NOX emissions with the alternative fuel SAMPLE 1 and 7.42% lower than the average NOX emissions of the alternative fuel SAMPLE 2 (Figure 8).
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Figure 7. Comparison of NOX emissions with tested fuels on the engine LOMBARDINI LDW 502 under its load. 






Figure 7. Comparison of NOX emissions with tested fuels on the engine LOMBARDINI LDW 502 under its load.



[image: Jmse 10 00001 g007]







[image: Jmse 10 00001 g008 550] 





Figure 8. Interdependence of speed, corrected power, and NOX emissions. (a) DIESEL, (b) SAMPLE 1, (c) SAMPLE 2. 
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4. Discussion


In the submitted study, two types of alternative fuels, SAMPLE 1 and SAMPLE 2, were compared with diesel as a reference fuel. The comparison of the above-mentioned alternative fuels was intended to monitor their impact on technical parameters, environmental parameters, and economy of the internal combustion engine.



The significant impact regarding the technical parameters of the internal combustion engine when using biofuel as an energy source will be its physicochemical properties. The throughput of an internal combustion engine is affected by the properties of biofuel, in particular its caloricity, viscosity, and lubricating properties. The calorific value of fuels is an important indicator, which affects the release of energy for labor production. The lower calorific value of biodiesel is related to the decrease in engine throughput.



The calorific value of fuels is in an important indicator that affects energy release for labor production. A lower calorific value of biodiesel is related to a decrease in engine throughput. This finding can be confirmed with the test results for fuels SAMPLE 1 and SAMPLE 2, which compared to diesel fuel had a lower calorific value, as well as lower achieved throughput. As for viscosity, we can agree with [14,36], who reported that higher viscosity is the cause of throughput loss, as higher viscosity reduces combustion efficiency due to impaired fuel injection atomization. The authors’ opinion can be confirmed given that the tested fuels SAMPLE 1 and SAMPLE 2 showed a higher viscosity value than diesel and, as stated earlier, the conducted measurements confirmed a decrease in throughput.



Specific fuel consumption was the next parameter that was monitored when comparing the fuels SAMPLE 1 and SAMPLE 2. From the achieved results of specific fuel consumption, it can be stated that both tested fuels had a higher consumption rate compared to diesel. Specifically, the SAMPLE 1 fuel recorded an increase in specific fuel consumption by an average of 10.6% and the SAMPLE 2 fuel by 2.6%. The increase in the specific consumption rate of the tested fuels is caused by their lower caloricity and their higher specific weight compared to diesel. Comparable results were also achieved by [37,38], who agrees with the notion that a lower calorific value of biodiesel must be offset by a higher consumption rate.



While testing alternative fuels, the measurement of NOX emissions was also conducted and focused on. Emissions of nitrogen oxides are significantly influenced by the cetane number of the fuel, the amount of oxygen contained in the fuel, raw material used in the production of the biofuel, and lastly by the injection advance value. As previously mentioned, the cetane number has an effect on the amount of nitrogen oxide NOX emissions. The tested alternative fuels SAMPLE 1 and SAMPLE 2 have higher values of the cetane number compared to diesel. A higher cetane number results in shortening of the ignition delay, which leads to better combustion but at the same time increases the production of nitrogen oxide NOX emissions. This statement is also confirmed in the papers [39,40,41,42,43,44]. Some studies attributed high NOX emissions of biodiesel to a single influencing factor. This increased NOX tendency was attributed to the increased oxygen levels of biofuels, which leads to a higher cylinder temperature [45,46,47].



The oxygen levels of biodiesel result in an increase of the production of nitrogen oxides. The results of the experimental measurements performed on a diesel engine done by [48] probed the relationship between nitrogen oxide levels and oxygen content in fuel.




5. Conclusions


Currently, when our environment is overburdened with emissions of all kinds, the idea of using fuels with minimal impact on the environment is becoming very important. Fuels made from the methyl ester of seed oil can be considered advantageous mainly from the point of view that almost every diesel engine is, in principle, capable of burning such fuels. If we take into account the fact that up to 90% of the transport of people and goods is currently carried out by means of diesel vehicles (trucks, buses, locomotives, ships, tractors), it represents a huge potential. In addition, there are a large number of passenger cars equipped with diesel engines, which could also use fuels made from the methyl ester of seed oils for propulsion. In the countries of the European Union, their number ranges from 15 to 40%. Very often, the contribution of fuels produced from plant origin in terms of creating a balance of carbon dioxide circulation in nature is emphasized. The production of carbon dioxide during combustion corresponds to its consumption during photosynthesis. Biodegradability, e.g., rapeseed oil methyl ester after its release into the environment, is approximately 95% in 6 days.



The second part presents the results of the application of alternative fuels SAMPLE 1, SAMPLE 2, and their impact on the technical parameters, environmental parameters, and economy of the diesel engine. Based on the results of the measurement, their evaluation, as well as other significant facts that were found, it can be stated that when using biofuels as an energy source for the propulsion of vehicles equipped with a diesel engine, there is a decrease in power in the range from 1.5 to 3.8%. As for the specific fuel consumption, it increased by a maximum of 12% with the tested SAMPLE 1 fuel and for SAMPLE 2, a maximum increase of 4% was recorded.



Other important indicators from an ecological point of view are smoke values as well as NOX emission values. The measurement of smoke values was performed at steady state with the load of the diesel engine. When measuring smoke at steady state when the combustion engine is loaded, it was not possible to evaluate the measurements in regard to the small volume of the diesel engine and also the limited range of the analyzer on which the measurements were made. From an ecological point of view, the values of nitrogen oxide emissions are also important. NOX emission values were recorded in ppm and subsequently converted to g·kW−1·h−1. Measurements of NOX emissions were performed at steady state with the diesel engine loaded. Their increase was recorded, with the alternative fuel SAMPLE 1 by 4.5% and with the alternative fuel SAMPLE 2 by 7.42% compared to the diesel fuel. In this case, nitrogen oxides were recorded in ppm.



As has been mentioned several times, the exhaust emissions of a diesel engine have a negative impact on the environment as well as on humans. These are mainly emissions of pollutants, especially “greenhouse” gases, which cause the gradual irreversible warming of the planet and upset the balance in nature with acid rain. This is mainly carbon dioxide CO2, nitrogen oxides NOX, methane CH4, and sulfur oxides SOX. Promoting the use of alternative fuels in transport is a step towards greater use of biomass, which will allow for a wider improvement of alternative fuels in the future, without excluding other options and in particular the possibility of using hydrogen.
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Figure 1. Experimental installation. A—internal combustion engine connection circuit, B—hydrostatic dynamometer circuit, C—measuring and evaluation circuit, N—tank, F—filter, HG—hydrogenerator, tHD—temperature sensor, QHD—flow meter, pHD—pressure gauge, PV—safety valve, V—three-way valve, TV—throttle valve, EHPV—electrohydrostatic proportional valve, CH—cooler, AE—emission analyzer, QSP—fuel consumption meter—EMICRON DMS, tH2O—water temperature, tVP—exhaust gas temperature, tO—oil temperature, ps—intake manifold pressure, ta—ambient temperature, pa—atmospheric pressure, SV—humidity sensor. 
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Table 1. Basic technical parameters of the LOMBARDINI LDW 502 engine.
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	Parameter Name
	Values





	Number of engine cylinders, pcs
	2



	Engine capacity, cm3
	505



	Cylinder diameter, mm
	72



	Stroke, mm
	62



	Compression ratio, –
	22.8:1



	Combustion order, °
	360



	Engine power (according to 80/1269/CEE), ISO 1585, kW/HP
	4.0/5.43



	Maximum torque, Nm
	20



	Rpm at maximum torque, min−1
	1600



	Engine idle, min−1
	950–1100



	Nominal rpm, min−1
	3000



	Maximum rpm, min−1
	3400



	Water pump flow at 3400 min−1, dm3
	40



	Air consumption at 3400 min−1, dm3
	910
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Table 2. Technical data of the emission analyzer MET 6.3.
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	Measurable Gases
	HC, CO, CO2, O2, NO, NO2, NOx





	Flow
	3.5 dm3 min−1



	Accuracy class
	O (OIML)



	Measurement principle
	Absorbance measurement



	Warm-up time of the measurement chamber approx.
	150 s



	Measuring range particle concentration
	1–1100 mg·m−3



	Resolution of particle concentration
	1



	Measurement range turbidity
	0–100%



	Measuring range absorption coefficient
	0–9.99 m−1



	Resolution absorption coefficient
	9.99 m−1



	On-board voltage
	10 V/30 V



	Power supply
	1/N/PE 110 V/230 V 50 Hz/60 Hz



	Ambient temperature
	0–45 °C
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Table 3. Diesel specification according to the standard EN 590.
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Fuel Properties

	
Unit

	
Specification

	
Test




	
Min

	
Max

	






	
Cetane number

	

	
49

	
–

	
ISO 5165




	
Cetane index

	

	
46

	
–

	
ISO 4264




	
Density at 15 °C

	
kg·m−3

	
820

	
860

	
ISO 3675/ASTM D4052




	
Sulfur content

	
% (weight)

	
–

	
0.20

	
EN 24260/ISO 8754




	
Flash point

	
°C

	
55

	
–

	
ISO 2719




	
Carbon residues (10% btms)

	
% (weight)

	
–

	
0.30

	
ISO 10370




	
Ash

	
% (weight)

	
–

	
0.01

	
EN 26245




	
Water content

	
mg·kg−1

	
–

	
200

	
ASTM D1744




	
Copper strip corrosion,

3 h at 50 °C

	

	
–

	
Class I

	
ISO 2160




	
Oxidation stability

	
g·m−3

	
–

	
25

	
ASTM D2247




	
Viscosity at 40 °C

	
mm2·s−1

	
1.9

	
6.0

	
ASTM D 6751




	
Distillation

	
°C

	

	

	
ISO 3405




	
10% point

	

	




	
50% point

	

	




	
65% point

	
250

	
–




	
85% point

	
–

	
350




	
95% point

	
–

	
370
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Table 4. Properties of alternative fuel SAMPLE 1.






Table 4. Properties of alternative fuel SAMPLE 1.





	Properties
	Unit
	Determined Value





	Heat value
	kJ·kg−1
	39,390



	Density at 15 °C
	kg·m−3
	880



	Kinematic viscosity at 40 °C
	mm2·s−1
	5.5



	Flash point
	°C
	130



	Pour point
	°C
	−20



	Filterability
	°C
	−15



	Sulfur content max.
	% hm. max.
	0.05



	Cetane number
	–
	55



	Ash content
	% hm. max.
	0.01



	Water content
	% hm. max.
	0.05



	Acid number
	mg·KOH−1 max.
	0.3



	Content of mechanical impurities
	% hm. max.
	0.005
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Table 5. Properties of alternative fuel SAMPLE 2.
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	Properties
	Unit
	Determined Value





	Heat value
	kJ·kg−1
	40,763



	Density at 15 °C
	kg·m−3
	880



	Kinematic viscosity at 40 °C
	mm2·s−1
	4.2



	Flash point
	°C
	145



	Pour point
	°C
	−17



	Filterability
	°C
	−21



	Sulfur content max.
	% hm. max.
	9.08



	Cetane number
	–
	55.8



	Ash content
	% hm. max.
	0.0035



	Water content
	% hm. max.
	338



	Acid number
	mg·KOH−1 max.
	0.41



	Content of mechanical impurities
	% hm. max.
	5



	Total glycerol
	% hm.
	0.2



	Methyl ester content
	% hm.
	97



	Phosphorus content
	mg·kg−1
	1.01
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