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Abstract

:

The results of the research work on biofuel’s impact on the environmental and economic performance of marine diesel engines are presented. During the research, a fuel mixture was used that consisted of the diesel fuel RMA10 and FAME biofuel. The objective of the research was to determine the optimal concentration of biofuel mixed with diesel fuel. The research work was carried out on three of the same type of marine medium-speed diesel engine, 6N165LW Yanmar. One of the diesel engines only operated on diesel fuel, and the other two operated on a mixture of diesel fuel and 5–20% biofuel. During the experiment, the diesel engines operated at a load of 50–80% of the rated value. Experimentally, it was found that using biofuel improved the environmental friendliness of diesel engines: the emission of nitrogen oxides in exhaust gases was reduced by 8.7–23.4%, and the emission of carbon oxides in exhaust gases was reduced by 3.1–24%. However, when using biofuel, the economic efficiency of diesel operation decreased as the specific effective fuel consumption increased by 0.5–9.3%. The highest environmental efficiency was achieved when using a fuel mixture that included 10–15% biofuel in an 80% diesel load. In this case, the emission of nitrogen oxides was reduced by 21–23.5%, the emission of carbon oxides was reduced by 16.5–19.2%, and the magnification of the specific useful consumption of the diesel engine was 1–1.55%.
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1. Introduction


European countries are constantly developing transportation and infrastructure, including sea and inland water transport. Shipping companies in Europe (such as Maersk, Copenhagen, Denmark; Mediterranean Shipping Company, Geneva, Switzerland; and CMA CGM, Paris, France) build or order modern ships from Asian shipyards that meet the requirements of American and European classification societies and are able to operate in any water area of the world’s oceans [1,2]. The output of the power plants of these ships can reach 80,000–100,000 kW, and the speed can be 25–27 knots. On sea and inland water transport ships, turbine units, gas turbine units, and internal combustion plants are used as heat engines [3,4]. Steam turbine plants (which include a steam boiler and a steam turbine) are installed on sea tankers and LNG-type (liquid natural gas carrier/tanker) and LPG-type (liquid petroleum gas carrier/tanker) vessels with a deadweight of 75,000–80,000 tons and above. Gas turbine units are usually used on passenger ships and perform the functions of auxiliary engines, providing electrical energy to ship consumers. On all the ships, with no exceptions, diesel engines are installed, irrespective of their type and deadweight, and they serve as both main and auxiliary engines [5,6]. In the first case, their power ensures the movements of the ship; in the second case, their useful mechanical energy is converted into electrical energy by generators, ensuring the functioning of the ship’s auxiliary mechanisms and systems [7,8].



Receiving energy and useful work from heat engines is impossible without the use of liquid fuel [9,10,11]. The introduction of modern scientific technologies that are directed at the use of wind and solar energy in sea transport can be used only partially. Installing solar panels on open decks requires their continuous disassembly and reassembly before and after cargo operations. Wind generators, rigid sails, and skate sails increase aerodynamic drag when hydrometeorological conditions change, and in the case of critical weather deterioration (which occurs constantly in sea and ocean conditions), they lose their ability to control [12]. Using the storage batteries on transport ships requires a constant recharging of their capacity, which is impossible in the conditions of long sea crossings [13]. The use of gaseous fuels is possible only on limited types of ships (gas carriers and some tankers), on which this fuel is transported as cargo, and also on some very large cruise ships that are powered by methane [14]. In this way, liquid fuel will remain the main energy source for marine power installations for the foreseeable future. However, the global request for fuel increases all the time, natural resources decrease every year, mining volumes are regulated by manufacturing countries, the cost of transportation to consumer countries is constantly increasing, and price dynamics are subject to abrupt changes. It should also be taken into account that consumer countries buy crude oil as “liquid fuel”. To obtain diesel or heavy fuel oil, crude oil is subjected to heating, evaporation, and thermal or catalytic cracking. These operations not only require additional financial costs but also contribute to air and water pollution.



At the same time, requirements are applied to the environmental indicators of the power of marine ships: the sulfur content in the fuel is limited [15], the emissions of nitrogen oxides in exhaust gases [16] are regulated, and the emissions of carbon monoxide are limited [17].



This stimulates the development and use of alternative fuel in ship power plants. The main types of alternative fuels are natural gas [18,19], liquefied petroleum gas [20,21], hydrogen [22,23], alcohol mixtures with petroleum fuels (methanol and ethanol) [24,25], vegetable oils [26,27], and artificial liquid fuel of biological origin (biofuel) [28,29,30].



The use of alternative fuels is gaining ground in road and rail transport. For sea and inland water transport power plants, the use of alternative fuels has not been substantially developed. The task of studying the effect of alternative fuels on the energy and environmental performance of marine diesel engines (the main type of heat engines for marine vessels) does not differ in its systematic approach and is at the stage of initial studies. The solution to this task and finding the optimal modes of operation for diesel engines on alternative fuel will contribute to improving the environmental indicators of the working quality of marine vessels.



The use of alternative fuels (including biofuels) in the power plants of sea vessels is regulated by the recommendations of the manufacturers of the fuel. In this case, only the minimum and maximum concentrations of biofuel in the fuel mixture are indicated, at which combustion is ensured. The efficiency of its use directly depends on the competence of the ship’s crew and the availability of recommendations on the technology of using biofuel in various operating modes of the diesel engine.



In this regard, the main objective of the research work was to experimentally determine the optimal concentration of biofuel in a diesel fuel mixture in marine diesel engines. At the same time, the environmental friendliness of the diesel engine should be ensured (in particular, the minimum levels of emissions of nitrogen oxides and carbon oxides), with a minimal increase in specific fuel consumption.




2. Literature Review


At the moment, the following alternative fuels are used and actively promoted on marine vessels.



Natural gas ranks in first place among alternative fuels in stationary energy. Modern liquefied natural gas consists of 85–95% methane CH4, and the remaining 5% includes ethane, propane, butane, and nitrogen. The lower caloric value is about 50,000 kJ/kg. With the stoichiometric ratio 5–19, when its upper limit is exceeded, the gas will not be enough to start a fire; if the stoichiometric ratio is less than 5, there will be less oxygen in the mixture. The liquefied natural gas can be used after regasification—evaporation without air access. As a result, its specific volume increases—this (due to the need for additional fuel tanks) limits the possibility of its use on sea vessels. The best option for using liquefied natural gas is LNG-type vessels, on which it is transported as cargo. The density of the gas phase is fundamentally different from the density of the liquid petroleum fuel and at 20 °C is 0.7 kg/m3. This forces the use of the separate nozzles and a special supply system to direct it to the diesel cylinder [31,32,33,34].



Petroleum gas is a mixture of light hydrocarbons which is liquefied under pressure. The main components are propane C3H8 and butane C4H10. The lower caloric value is 47,500–48,500 kJ/kg, and the gas-phase density at 20 °C is 1.8–2.5 kg/m3. It is similar to liquefied natural gas, when the use of liquefied petroleum gas is necessary to change the design of the fuel system, using the special nozzles. As a rule, the use of natural and petroleum gases as fuel occurs on the ships that are carrying them. Due to the fact that they are not only a source of energy, but are also the part of the transported cargo, diesel operation on these types of alternative fuel is possible only when the vessel is moving in one direction. In the case of a ballast passage, the operation of the power plant should be taken on fuel of petroleum origin. In addition, if the temperature or pressure changes in the gas supply system to the diesel cylinder, their partial or complete condensation may occur. This leads to deterioration or the impossibility of spraying gas from the fuel injector [35,36,37,38].



The use of hydrogen as a fuel was proposed for various types of transport: road, rail, and aviation. Hydrogen is an environmentally friendly fuel—reacting with oxygen in the air, it forms only water vapor. The combustion of hydrogen is accompanied by the release of a large amount of energy; the lower caloric value is 120,000–140,000 kJ/kg. Combustion in the diesel cylinder turns into detonation, which increases the mechanical load on the parts of the cylinder group, bearings, and the crankshaft. Hydrogen, when mixed with air, forms an explosive mixture—explosive gas. It must be stored in special gas cylinders. All this limits the use of hydrogen on ships of sea transport [39,40,41,42].



Mixtures of alcohols with diesel fuel (methanol and ethanol) have a density of 790–800 kg/m3 at 20 °C. This allows for their supply to the diesel cylinder using fuel pumps and nozzles designed to inject the main (diesel) fuel. At the same time, in their purest form, methanol and ethanol are extremely dangerous flammable liquids with a flash point of 7–10 °C and an ignition temperature of 12–15 °C. The lower caloric value of methanol is 22,500–23,000 kJ/kg; its losses (compared to diesel fuel) are compensated by high combustion rate, completeness of combustion, and reduction in heat losses. However, pure methanol and ethanol are used as fuel only in automotive diesel engines. Methanol/ethanol and petroleum fuel blends must be subject to permanent hydrodynamic treatment and used immediately after preparation. The storage of such mixtures leads to their stratification and, when used, causes uneven combustion, and increases the uneven speed of the diesel engine [43,44,45,46].



The most widespread among vegetable oils when used as an alternative fuel is rapeseed. The density of rapeseed oil at 20 °C is 900–920 kg/m3 and the flash point is 55–60 °C. This allows the use of rapeseed oil without changing or upgrading the design of the diesel fuel system. The use of rapeseed oil significantly reduces CO2 emissions in exhaust gases. Rapeseed oil contains up to 0.02% suphur, which also improves the environmental performance of a diesel engine. The negative characteristic of rapeseed oil is its reduced lower caloric value (up to 37,000–37,500 kJ/kg), as well as increased smoke during combustion. In addition, the higher (compared to diesel fuel) density of rapeseed oil forces it to be used in a mixture with ethyl alcohol. The density of such a mixture (with an alcohol content of up to 30%) decreases to 880–890 kg/m3; however, the lower caloric value decreases to 34,000–35,000 kJ/kg [47,48,49,50].



One of the promising and widespread types of alternative fuel is artificial liquid fuel of biological origin (biofuel). Biodiesel fuel (or FAME—fatty acid methyl ester, methyl esters of fatty acids) is made from various products, in particular from rapeseed, plants, and used cooking oil. The advantage of biodiesel fuel is that raw materials are available in large volumes. Biodiesel can be blended with diesel or used pure [51,52,53,54].



It should also be noted that the use of alternative fuels for high-power marine diesel engines (with a cylinder diameter of more than 0.4–0.42 m and a rated power of more than 5000 kW) is limited due to the fact that the following occur: uncontrolled deterioration of environmental performance (due to fluctuations in the fuel–air ratio) [55], a reduction in torque (due to the drop in the maximum cycle pressure) [56], and a decrease in effective power at the rated load (due to the change in the period of fuel supply) [57].



The above literature review confirms that the study of the possibility of using alternative fuels (including biodiesel) in marine diesel engines is a high-priority task, the solution of which has not yet been found. In this case, it is necessary to:




	
Establish optimal configuration schemes for marine fuel systems, in which the use of alternative fuel is possible;



	
Define the criteria for evaluating the efficiency of using alternative fuels;



	
Set the optimal concentration of alternative fuel in a mixture with diesel fuel.








The characteristics of alternative fuels are given in Table 1.




3. Materials and Methods


The use of biodiesel fuel on ships of sea and inland water transport is limited by the following causes:




	
The navigation autonomy and the impossibility of unhindered refueling (including alternative) [58];



	
High output of the ship power plant and, accordingly, high fuel consumption [59].








The proper work and technical conditions of a fuel system are monitored by qualification societies [60].



The main disadvantage of using biodiesel fuel is that it has low calorific value; so, the normal operation of a diesel engine is impossible with only biofuel [61,62]. For this reason, we should use a mix of diesel fuel and biofuel where diesel fuel, the main component, is 70–80% and biofuel is 20–30% of all volume. Diesel and biofuel have the same main characteristics (density, viscosity, and flash point), so to make a mix of it will not be a hard task and it can be made onboard vessels without additional equipment.



The composition of diesel fuel (compared to biofuels) includes an increased content of sulfur and nitrogen. When they are burned, toxic components are formed—sulfur oxides (SOX) and nitrogen (NOX), which have a negative effect on the environment and humans. In accordance with the requirements of Annex VI MARPOL:




	
The sulfur content of marine fuel must not exceed 0.5% by weight;



	
In special areas, to control SOX emissions, the sulfur content in the marine fuel supplied to the ship and used on it should not exceed 0.10% by weight;



	
The emissions of nitrogen oxides in exhaust gases must comply with Tier-I, Tier-II, Tier-III standards (which apply to diesel engines of ships built after 2000, 2011, and 2016), but the maximum amount of NOX in exhaust gases depends on the speed of the diesel engine and should not exceed the values determined by special expressions (Figure 1) [60,63,64].








Harmful emissions released into the atmosphere with the exhaust gases of marine diesel engines also include carbon oxides—CO and CO2. At the same time, CO (carbon monoxide) is a toxic gas and causes the poisoning of living organisms; CO2 (carbon dioxide) is a greenhouse gas and causes thermal pollution of the atmosphere.



The problem of reducing the concentration of sulfur oxides in exhaust gases was solved by using fuel in diesel engines with a sulfur content of 0.5% (and in some areas up to 0.1%) [4].



Today, much attention is paid to the reduction in substances which can be harmful, for example, carbon oxides and especially nitrogen oxides in combustion products [17,60]. We have primary and secondary methods of reducing these emissions, especially of nitrogen oxides. The primary method is the reduction in NOX in a diesel cylinder during the combustion of fuel. One more method of reducing nitrogen oxides in exhaust gases is using alternative fuels. The use of various types of alternative fuels is one of the general recommendations for determining its optimal concentration in diesel fuel. Additionally, there are no recommendations as for the economic and environmental efficiency of using a mixture of diesel fuel and biofuel in various diesel operating modes.



The best variant is to use alternative fuels in marine medium-speed diesel engines with a power of 400–700 kW as auxiliary engines. In this case, with a total mean load of 250–550 kW on the ship power plant, the daily fuel consumption is 1200–2500 kg/day. At 20–30% alternative fuel concentration in the fuel mixture, its daily consumption should not exceed 500–750 kg/day. With an autonomy of navigation of up to 30 days, current volumes are possible to be delivered in different seaports and can be stored on board [65].



This research used FAME biofuel as an alternative fuel with the following main characteristics:




	
Content of biodiesel fuel—99.7%;



	
Diesel fuel content—0.3%;



	
Diesel fuel class—ultra-low-sulfur diesel fuel;



	
Sulfur content in diesel fuel—0.02%;



	
Viscosity at 40 °C—15 sSt;



	
Density at 15 °C—850 kg/m3.








RMA10 fuel was used as diesel fuel, which complies with the international fuel standard ISO 8217 and has the following main characteristics:




	
Viscosity at 40 °C—12 sSt;



	
Density at 15 °C—865 kg/m3;



	
Sulfur content—0.09%.








If the analyzed values of viscosity and density of fuel RMA10 and FAME biofuels are guaranteed, we can ensure that a stable fuel mixture can be made [66,67]. Diesel fuel RMA10 will be used as the main component of the fuel mixture. Biofuel in the fuel mixture content will be nearly 5–25% of the total volume.



The research was carried out on marine medium-speed diesel engines 6N165LW Yanmar with the following characteristics (Table 2).



The objective of the research was to determine the optimal concentration of FAME biodiesel fuel mixed with RMA10 diesel fuel. At the same time, a simultaneous maximum increase in environmental and minimum decrease in the economic parameters of the operation of a marine diesel engine should be ensured.



The research was carried out on three identical marine medium-speed diesel engines 6N165LW Yanmar, which served as auxiliary engines (diesel generators). A fragment of the diesel fuel feed system is shown in Figure 2.



The composition of the fuel system included the following equipment: a service tank of diesel fuel 1; common first-stage fuel filter 2; separate second-stage fuel filter 3 for each diesel engine; separate electronic flow meter 4 for each diesel engine; separate fuel pump 5 for each diesel engine; and diesels 6, 7, and 8.



The operation of the fuel system occurred as follows. From service tank 1, the RMA10 diesel fuel through first-stage fuel filter 2 and second-stage fuel filter 3 (located in the contour of each diesel engine 6, 7, and 8) was supplied to fuel pumps 5 and then sent to the diesel engines. The amount of fuel supplied to diesel engines 6, 7, and 8 was portioned by flow meters 4 (located in the contour of each diesel engine). The fuel supply loop to diesel 6 was not altered; the diesel was operated on RMA10 fuel. A service tank was additionally installed in the contours of diesel engines 7 and 8 biodiesel fuel 9, dispenser 10, and microcontroller 11. These diesel engines were operated on a mixture of diesel fuel and biofuel. The required amount of biofuel in the fuel mixture was provided using microcontroller 11. At the same time, depending on the consumption of diesel fuel, the amount of biofuel that was supplied to the fuel system from tank 9 through dispenser 10 changed. Tank 1 was replenished automatically. The replenishment of tank 9 was performed in a manual mode. The installation and operating rules of additional equipment (biodiesel service tanks, dispensers, and microcontrollers) were agreed with the technical management department of the company that owned the vessel [65].



We have two main ways for how to prepare fuel mixtures: the cyclic method or the continuous way. In the cyclic method, we need equipment that will ensure the preparation of the mixture operates periodically. The current method consists of adding biofuel directly to the service tank or additional mix tank. When the biofuel is added to the cylinder during injection, it is the continuous method. The mixture of diesel fuel and FAME biodiesel prepared using the continuous method when we performed the experiment is shown in Figure 2. In the main engine, the fuel mixture was in the range of 5, 10, 15, and 20%.



To evaluate the efficiency of the use of biofuel, as well as to determine the optimal concentration of biofuel in a mixture with diesel fuel, environmental and economic criteria were used. The main environmental criterion is the concentration of carbon monoxide CO and nitrogen oxides NOx.



The specific effective fuel consumption be was used as an economic criterion.



Using the gas analyzer Testo340, the concentration of nitrogen oxides NOX and the volumetric content of carbon monoxide CO were monitored in the exhaust gases. The gas analyzer can be used for measurements in the temperature range up to 1000 °C. This Testo340 gas analyzer complies with the requirements of the Continuous Emission Monitoring System (CEMS) of the Environmental Protection Agency (EPA) [60]. In accordance with the requirements of the NOx Technical Code, the analysis of exhaust gases was carried out in the gas outlet line at a distance of 10 m from the place where gases exited the gas turbine of the diesel turbocharger. As a result, the measurement error of NOX and CO emissions by the Testo340 gas analyzer was ±1.0% in the exhaust gases.



The ship flow meter installed on the fuel supply line to the diesel engine (item 4 in Figure 2) with and a timer; the specific fuel oil consumption be was calculated by the ratio:


   b e  =    G h     N  e work      ,  



(1)




where Gh—hourly fuel consumption, kg/h, determined by the equation:


   G h  =    V f  ρ  t  ,  



(2)








	
Vf—the amount of fuel that has passed through the flow meter, m3;



	
ρ—density of the fuel at the appropriate temperature, kg/m3;



	
t—the time during which the experiment was carried out in the corresponding operating mode of the diesel engine, h;



	
Nework—power of the diesel in different modes of operation, kW.








The value of Nework was determined in the central control room by means of electronic equipment.



Additionally, thanks to engine power meters, it was possible to measure in the range of 0–700 kW with a guaranteed accuracy of ±1 kW.



The fuel consumption was determined using NMG electromagnetic flowmeters installed on the fuel supply and return lines. The flow meter provides measurement in the temperature range of −20–+70 °C with visualization of the values on the touch screen.



The time of the experiment was recorded by means of an electronic timer. Taking into account the duration of the experiment (more than an hour in each of the modes), the error in measuring the time was not considered.



At the same time, the determination of fuel consumption did not exceed ±2.5%.



During the research, in order to provide consumers with power, a diesel engine was operated, the fuel system of which was not altered (diesel 5 in Figure 2). Its operation was carried out on RMA10 diesel fuel. Additionally, along the experiments, one or two diesel engines were used (6 and 7 in Figure 2), in the fuel system of which additional equipment was installed (service tank biodiesel fuel 9, dispenser 10, and microcontroller 11—Figure 2). This ensured the operation of diesel engines on a fuel mixture with different concentrations of FAME biofuel.



The diesel engines where we performed the experiment worked on continuous load and supplied the same group of consumers. Depending on the experiment modes, the continuous power was 265 kW, 320 kW, 370 kW, and 425 kW. This matched the loads of 50, 60, 70, and 80% of the rated power of the diesel Nenom.



Prior to the experiment, all diesel engines had fuel equipment, cylinder group parts, and motion bearings of the same service life and technical condition [59].



By switching consumer groups, the diesel engines were operated at the same load defined before the experiment. When we changed the number of consumers and power which was required for the operation, the extra load was redistributed to other engines which did not participate in the experiment.



However, on the diesel engines on which we performed the experiment, the load was stable and constant. At the same time, all axillary systems such as lubrication and cooling were working in stable mode with the same operation temperature [47].



The main parameters and engine load were stable during the experiment which took place from 1.0 to 1.5 h. All that we pointed out earlier showed that experiment was correct and all measurements were carried out on different load and different engines.




4. Results


The research was carried out on a sea vessel of the general cargo type with a deadweight of 14,800 tons during an ocean passage between the ports of South America. In each port, the possibility of obtaining biofuels was provided. At the same time (due to the absence of cargo and mooring operations), the operation of 6N165LW Yanmar marine diesel engines took place without abrupt changes in loads. List, trim, and other outer effects did not influence the measured parameters and the process of preparing a mixture of FAME biofuel and RMA10 diesel fuel. The duration of the cycle of experimental studies was 7–8 h.



The results of the experiment to determine the emission of nitrogen oxides NOX (per g/(kWh)) and the emission of carbon oxides CO (per volumetric percent) in the exhaust gases, as well as the results the specific useful fuel consumption be, are given in Table 3.



The concentration of NOX in the exhaust gases of marine diesel engines is regulated by the requirements of MARPOL Annex VI [2,36,65]. In accordance with these requirements, the 6N165LW Yanmar marine diesel engine is classified as Tier II. For such diesel engines, the concentration of NOX in the exhaust gases must not exceed the value determined by the expression:


    NO  X  ≤ 44  n  − 0.23    



(3)




where n—diesel engine speed, min–1.



In accordance with (3) for marine diesel 6N165LW Yanmar:


    NO  X  ≤ 44 ⋅   1200   − 0.23   = 8.61    g / ( kWh )  .  











Additionally, we need to say that the concentration of nitrogen oxides which was determined by expression (3) in all operation modes should not exceed the needed value.



Thus, during the experiment, the operation of the diesel engines 6N165LW Yanmar was carried out in compliance with the requirements of Annex VI MARPOL [36,60].



As well as for a comprehensive evaluation of the results given in Table 3, nomograms were built (Figure 3a–c) for a clearer perception and understanding, and better visualization. At the same time, the nomograms separately show the change in the controlled parameters relative to the load of the diesel engine and the content of biofuel in the fuel mixture. This makes it possible to evaluate the efficiency of using the fuel mixture with different biofuel content at different diesel loads.



The effective fuel consumption was increased no matter the content of FAME biofuel in the mixture. At the same time, NOX and CO emissions were decreased.



The relative changes in the emission of nitrogen oxides ∆NOX and the emission of carbon monoxide ∆CO in exhaust gases, as well as specific useful fuel consumption ∆be, were calculated according to the equations:


  Δ N  O X  =   N  O X  R M A   − N  O X  b i o     N  O X  R M A     ⋅ 100 % , Δ C O =   C  O  R M A   − C  O  b i o     C  O  R M A     ⋅ 100 % ,   Δ  b e  =    b e  b i o   −  b e  R M A      b e  b i o     ⋅ 100 % ,  



(4)








	
where   N  O X  R M A   ,   N  O X  b i o    —emission of nitrogen oxide during diesel operation on RMA10 fuel and the mixture of RMA10 fuel with FAME biofuel, g/(kWh);



	
  C  O  R M A   ,   C  O  b i o    —emission of carbon during diesel operation on RMA10 fuel and the mixture of RMA10 fuel with FAME biofuel, %;



	
   b e  R M A   ,    b e  b i o    —the specific useful diesel fuel consumption during diesel operation on RMA10 fuel and the mixture of RMA10 fuel with FAME biofuel, g/(kWh).








The received values are summarized in Table 4.



For a better visualization of the results given in Table 4, their perception and understanding, as well as for their comprehensive assessment, nomograms were constructed (Figure 4a–d). At the same time, the change in the controlled parameters relative to the diesel load is separately collected in the nomograms. This makes it possible to perform a comprehensive assessment of the environmental friendliness and economy of using a fuel mixture with different biofuel content.



The efficiency of using a mixture of biofuel and diesel fuel should be expedient to carry out using an integrated method. A reduction in nitrogen oxides in tandem with increasing specific fuel consumption is the main target. The other target is a decrease in carbon monoxides. The emission of carbon monoxide (due to its toxicity) is also an important indicator. In this regard, a mixture containing 10 and 15% of biofuel counts as the optimal composition of the fuel mixture. The nomograms revealing the change in environmental and economic performance of the 6N165LW Yanmar marine diesel engine under such conditions are shown in Figure 5. In this case (similar to Table 4 and Figure 4), the values ∆NOX and ∆CO match the reduction in the emission of nitrogen oxides and carbon oxides in exhaust gases; the value ∆be shows an increase in the specific effective fuel consumption.



Fuel mixtures containing 10–15% of biofuels provided more than a 20% reduction in nitrogen oxide emissions and 15–20% reduction in carbon oxide emissions. The smallest decrease in the efficiency of the operation of a marine diesel engine when using biofuel (up to 1–1.5%) was achieved at a diesel load of 80%. When the load decreased, the value of the specific effective fuel consumption increased. At 50% load, this increase could exceed 7%. Therefore, the use of fuel mixtures during diesel operation at such loads reduces its economic efficiency.




5. Discussion


The internal combustion engines of marine vessels do not only provide power to the ship and her auxiliary machinery, but also release toxic components into the atmosphere. In addition, the use of petroleum fuel in marine diesel engines reduces its global reserves. An option that, on the one hand, contributes to reducing the emission of toxic components and, on the other hand, reduces the consumption of natural oil resources, is the use of alternative fuels. For marine diesels, FAME biodiesel fuel can be used as an alternative fuel. These fuel grades are produced in many EU countries, as well as in the USA, Brazil, and China. This gives an opportunity of bunkering biofuel at worldwide ports. Using the mixture of biodiesel and diesel fuel can improve ecologic and economic characteristics.



At the main point, it showed a decrease in the emission of nitrogen and carbon oxides. In our opinion, this is due to the lower (compared to diesel fuel) flash point of biofuel, as well as the increased content of hydrogen in it. This reduces the maximum temperature in the diesel cylinder and interrupts the chain reaction of NOX and CO formation. This is especially important considering new regulations of international and national conventions [68,69,70].



The optimal concentration of biofuel in the fuel mixture (at which the maximum reduction in NOX and CO emissions is provided) depends on the stoichiometric ratio and can be determined experimentally for each diesel engine load.



The use of alternative types of fuel in ship power plants can reduce the consumption of the general types of fuel. The production of biofuel can be performed in regions where natural fuel is limited. Additionally, using the production of biofuel means less dependence on countries and major oil suppliers. The performance characteristics of biofuels (viscosity, density, flash point, and calorific value) must be comparable to those of diesel fuel. The discrepancy in the density of biofuel and diesel fuel can lead to the stratification of their mixture, the violation of homogeneous fuel injection, an uneven speed of rotation of a diesel engine, and an increase in the temperature stress on the cylinders and the gas exhaust system of the diesel engine. This limits the possibility of using some types of biofuels [71,72,73]. The lower (compared to diesel fuel) calorific value of biofuel is the reason for the increase in specific fuel consumption. This is explained as follows: reducing heat generation in the cylinder reduces the torque on the diesel shaft, while the automatic control system proportionally increases the fuel supply.



On existing vessels, we also need to equip the new type of fuel system. For this purpose, we need to redesign fuel systems and all power plants’ equipment regarding the rules and requirements of the register of class. On the other hand, the equipment for biofuel can be used on any type of engine. Additionally, all works on the re-equipment of the fuel system can be made by the ship crew based on the technological scheme which was prepared by a special organization.



The obtained results are in good agreement with the data provided in a number of papers devoted to similar research [65,74,75,76,77].




6. Conclusions


The main conclusions resulting from the research can be formulated as follows.




	
The fuel mixture can be based on the diesel fuel which it contains (80–95%); the rest will take place in the form of biodiesel. It is easier to make a mixture with diesel and biodiesel directly before injection using a special dosing unit. The needed proportion of biodiesel will be automatically added to the system and the mixture will be ready directly before injection. The close or equal viscosity and density of diesel fuel and biofuel allow the injection of the fuel mixture through a common nozzle. It does not require the installation of an additional biofuel supply system to the diesel engine cylinder.



	
It is advisable to carry out, on the basis of environmental and economic criteria, the efficient use of a fuel mixture consisting of diesel fuel and biofuel. It is also necessary to calculate the specific effective fuel consumption as an economic criterion.



	
The best proportion between biodiesel and diesel can be found during the test and experiment for each type of diesel engine.



	
During the experimental research performed on 6N165LW Yanmar marine medium-speed diesel engines in the range of their operating loads of 50–80% with a fuel mixture that included 80–95% RMA10 diesel fuel and 5–20% FAME biofuel, the environmental friendliness of marine diesel operation was shown to increase. At the same time (depending on the diesel load and the content of biofuel in the fuel mixture), the emission of nitrogen oxides within exhaust gases was reduced by 8.7–23.4% and the emission of carbon oxides within exhaust gases was reduced by 3.1–24%. It was also found that when using biofuels, the efficiency of diesel operation was reduced. At the same time (depending on the load of the diesel engine and the content of biofuel in the fuel mixture), the specific effective fuel consumption increased by 0.5–9.3%.



	
The concentration of biofuel in the fuel mixture has an optimal value. It has been experimentally established that the highest environmental efficiency was achieved when using a fuel mixture which includes 10–15% of biofuel. At the same time, in the modes of 80% of the diesel load, the emission of nitrogen oxides decreased (by 21–23.5%) and the emission of carbon oxides decreased (by 16.5–19.2%). The increase in the specific effective consumption for the specified composition of the fuel mixture and diesel load was 1–1.55%.



A fuel mixture containing 20% of biofuel significantly reduced the efficiency of a diesel engine. At the same time, at loads of 50–60% (the most common range of operating conditions for marine auxiliary engines), the specific fuel consumption increased by 8.46–9.31%. Despite an almost twenty percent reduction in carbon oxide emissions and an almost sixteen percent reduction in nitrogen oxide emissions, the operation of marine diesel engines with such a fuel mixture composition is not advisable. The highest economic efficiency for any concentration of biofuel in the fuel mixture belongs to the modes of 70–80% of the load. At the same time, at the load of 70%, the specific effective fuel consumption increased by 1–6.6%; at the load of 80%, it showed an increase of 0.5–3.1%. The fuel mixture containing 5% biofuel only provided the minimum environmental efficiency of the diesel engine—the emission of nitrogen oxides was reduced by 8.7–9.6%, and the emission of carbon oxides was reduced by 3.0–12.3% (relative to the diesel load). In this regard, the operation of diesel engines using such a fuel mixture can only be performed in certain cases (for example, with a small amount of biofuel on board).



	
The proposed option for using biofuel in marine medium-speed diesel engines is based on practical experience. Taking into account that bunkering by biofuel is not possible in all ports, it is better to bunker in a convenient port with the needed quantity of biofuel to reach the next convenient port.








Recommendations for the use of biofuels in marine diesel engines are not limited to the results presented. It is advisable to devote further research to determining the optimal angles of fuel supply to the cylinder, as well as the possibility of controlling exhaust gases. In addition, the issues of increasing the stability of the fuel mixture (biofuel and diesel fuel) during its storage and transportation on sea vessels require research. The study of the temperature state of a diesel engine (primarily exhaust gas temperature) in the case of using fuel mixtures with different biofuel concentrations is also subject to further research. In addition, it is necessary to evaluate the efficiency of using different types/grades of biofuels, as well as the compatibility of different types of biofuels with diesel fuel.



The growth of biofuel production in EU countries, a significant shortage of energy resources in Europe, and the rising prices for petroleum products allow us to conclude that the further use of biofuels in marine diesel engines has good prospects.
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Figure 1. Requirements Annex VI MARPOL to quantify NOX in the exhaust gases of marine diesel engines [36,60]. 
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Figure 2. Fragment of the fuel feed system of marine diesel engines 6N165LW Yanmar: 1—service tank of diesel fuel RMA10; 2—first-stage fuel filter; 3—second-stage fuel filter; 4—flow meter; 5—fuel pump; 6, 7, and 8—auxiliary diesel 6N165LW; 9—service tank biodiesel fuel FAME; 10—dispenser; 11—microcontroller. 
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Figure 3. Comparative characteristics 6N165LW Yanmar on the different load when using fuel of different blends: (a)—emission of nitrogen oxides; (b)—emission of carbon oxide; (c)—specific useful fuel consumption; 0—RMA10; 1—RMA10 + 5% biofuel; 2—RMA10 + 10% biofuel; 3—RMA10 + 15% biofuel; 4—RMA10 + 20% biofuel. 
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Figure 4. The performance variation of the 6N165LW Yanmar diesel engine when using different fuel blend: (a)—load 50%; (b)—load 60%; (c)—load 70%; (d)—load 80%; 1—RMA10 + 5% biofuel; 2—RMA10 + 10% biofuel; 3—RMA10 + 15% biofuel; 4—RMA10 + 20% biofuel. 
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Figure 5. Optimal use of FAME biofuels in marine diesel 6N165LW Yanmar: (a)—RMA10 + 10% biofuel; (b)—RMA10 + 15% biofuel; 1—load 50%; 2—load 80%. 
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Table 1. Some characteristics of alternative fuels.
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	Type of Fuel
	Lower Caloric Value, kJ/kg
	Density at 20 °C, kg/m3





	Natural gas
	50,000
	0.7



	Petroleum gas
	47,500–48,500
	1.8–2.5



	Hydrogen
	120,000–140,000
	0.1



	Methanol and ethanol
	22,500–23,000
	790–800



	Rapeseed oil
	37,000–37,500
	900–920
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Table 2. Main characteristics of diesel engines 6N165LW Yanmar.
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	Characteristics
	Value





	Bore, mm
	165



	Stroke, mm
	232



	Speed, min–1
	1200



	Output power, kW
	530



	Specific fuel oil consumption, g/(kWh)
	194
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Table 3. Results of the experiment.
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Diesel

Load, %

	
Type of Fuel Blend




	
RMA10

	
RMA10 + 5% Biofuel

	
RMA10 + 10% Biofuel

	
RMA10 + 15% Biofuel

	
RMA10 + 20% Biofuel






	
Emission of nitrogen oxide NOX in exhaust gases, g/(kWh)




	
50

	
7.32

	
6.62

	
6.02

	
5.93

	
6.15




	
60

	
7.56

	
6.88

	
6.22

	
6.12

	
6.33




	
70

	
7.88

	
7.17

	
6.32

	
6.18

	
6.58




	
80

	
8.16

	
7.45

	
6.45

	
6.25

	
6.84




	
Emission of carbon oxides CO in exhaust gases, volume %




	
50

	
6.22

	
6.03

	
5.68

	
5.25

	
5.06




	
60

	
6.31

	
6.07

	
5.71

	
5.32

	
5.1




	
70

	
6.73

	
6.22

	
6.03

	
5.52

	
5.21




	
80

	
7.33

	
6.43

	
6.12

	
5.92

	
5.57




	
Specific useful fuel consumption be, g/(kWh)




	
50

	
204

	
209

	
215

	
219

	
223




	
60

	
201

	
204

	
207

	
211

	
218




	
70

	
196

	
198

	
200

	
203

	
209




	
80

	
193

	
194

	
195

	
196

	
199
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Table 4. Change in the relative performance of the 6N165LW Yanmar diesel engine.






Table 4. Change in the relative performance of the 6N165LW Yanmar diesel engine.





	
Diesel Load, %

	
Type of Fuel Blend




	
RMA10 + 5% Biofuel

	
RMA10 + 10% Biofuel

	
RMA10 + 15% Biofuel

	
RMA10 + 20% Biofuel






	
Reducing the emission of nitrogen oxides ∆NOX in exhaust gases, %




	
50

	
9.56

	
17.76

	
18.99

	
15.98




	
60

	
8.99

	
17.72

	
19.05

	
16.27




	
70

	
9.01

	
19.80

	
21.57

	
16.5




	
80

	
8.70

	
20.96

	
23.41

	
16.18




	
Reducing the emission of carbon monoxide ∆CO in exhaust gases, %




	
50

	
3.05

	
8.68

	
15.59

	
18.65




	
60

	
3.80

	
9.51

	
15.69

	
19.18




	
70

	
7.58

	
10.4

	
17.98

	
22.59




	
80

	
12.30

	
16.51

	
19.24

	
24.01




	
Increase in specific useful fuel consumption ∆be, %




	
50

	
2.45

	
5.39

	
7.35

	
9.31




	
60

	
1.49

	
2.99

	
4.98

	
8.46




	
70

	
1.02

	
2.04

	
3.57

	
6.63




	
80

	
0.52

	
1.04

	
1.55

	
3.11
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