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Abstract- This study evaluates the influence on the combustion process, fuel consumption, and polluting emissions in a diesel engine, 

which operates with biodiesel from soybean oil and water emulsions with percentages of 4% and 8%. For this study, a stationary diesel engine 

operating at four different torque conditions and a fixed rotation speed of 3400 rpm is used. Test fuels are diesel, soybean oil biodiesel, and 

SB4W and SB8W water emulsions. The results indicate that SB4W and SB8W cause a 6% reduction in calorific value and an 18% and 1% 

increase in viscosity and density. However, the presence of water in biodiesel can help reduce engine BSFC by 8%. The SB4W and SB8W 

allow a 23% reduction in NOx emissions. With the use of SB4W fuel, a reduction of 16%, 29%, and 14% in CO, HC, and smoke opacity is 

obtained compared to soybean oil biodiesel. The maximum inclusion of 8% of water in soybean oil biodiesel is recommended since a higher 

percentage can cause the presence of incomplete combustion and high fuel consumption. However, these effects could be minimized with the 

addition of techniques such as oxygen enrichment, adjusting the injection time and the use of nanoadditives. 

Keywords: Biodiesel, emission, Performance characteristics, soybean, water emulsion. 
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I. INTRODUCTION 
 

Diesel engines are currently widely used in the automotive sector and in industry, due to their lower fuel consumption and their ability to 

exert high levels of torque compared to gasoline engines [1][2]. Despite the above, diesel engines expel pollutant emissions such as particulate 

matter, nitrogen oxides, and sulfur oxides through the exhaust gases, which cause serious environmental problems. Additionally, the presence 

of these pollutants causes negative effects on animal and human health [3][4]. In order to control the high levels of pollution, regulations have 

been established that force the reduction of emissions caused by fossil fuels. The problem of pollution by the exhaust gases of diesel engines is 

marked by the constant increase in their use due to the continuous industrialization and globalization of the world. Furthermore, as it comes 

from a non-renewable resource, there is an imminent risk of ending the oil reserves necessary for the production of fuels [5]. Due to the 

aforementioned problems (pollution and scarcity), efforts have been devoted to researching new alternative fuel sources. 

 

Among the options investigated, biodiesel seems to be the most promising alternative to replace part of the diesel content [6]. Biodiesel is 

derived from animal fats and vegetable oils. Biodiesel fuel produced from vegetable oils has different positive characteristics such as its 

biodegradability, zero toxic, renewable, free of aromatics, and without sulfur content [7][8]. There are various investigations focused on the 

study of blends of commercial diesel with pure biodiesel. Among these studies, biodiesel obtained from soybean oil (SB) has been considered 

an attractive material since it is readily available in several countries and has a high percentage of oil derivation. Furthermore, its economic cost 

is low compared to other types of biodiesel from vegetable oils [9][10]. Canakci [11] concluded that the replacement of 20% of commercial 

diesel with biodiesel from soybean oil produces a reduction in emissions of CO, HC, and particulate matter, due to the high percentage of 

oxygen in biodiesel that improves the air-fuel ratio. Despite these advantages, research reports that the use of soybean oil biodiesel produces an 

increase in NOx and brake specific fuel consumption (BSFC) emissions by 11.2% and 13.8%, respectively. These negative results are 

consequences of the increased presence of oxygen, which favors the formation of NOx [12][13]. Additionally, the lower calorific value in the 

mixture with biodiesel causes a reduction in the maximum values of pressure in the chamber and in the net rate of heat release compared to 

commercial diesel. In general, these negative effects on combustion characteristics and NOx emissions are reported in the investigations by 

Randazzo and Sodre [14], Lin et al. [15], and Vellaiyan et al. [16]. 

 

Investigations of fuel blends with other types of biodiesel, such as palm-olein oil [17], mustard oil [18], jatropha oil [10], and castor oil [19], 

maintain the negative effect of causing an increase in fuel consumption and NOx emissions. To reduce these effects, researchers have studied 

emission control techniques using preprocessing and postprocessing. Among these techniques, it has been observed that the inclusion of water 

in fuel blends can lead to a reduction in fuel consumption and an increase in engine performance [20][21]. This is due to the fact that the water 

particles favor the blend between the fuel and the air, which allows a more complete combustion [22]–[24]. The improvement in the combustion 

process due to the presence of water particles allows to reduce the BSFC, thus increasing the thermal efficiency of the engine [25]. Additionally, 

the high latent heat of the water particles could cause a reduction in the temperature of the combustion flame. This could mitigate the formation 

of polluting emissions such as NOx, soot and particulate matter [26]–[28]. 

 

Research by Vellaiyan et al. [29] and Ithinin et al. [26] show that water emulsions in diesel cause a reduction in peak flame temperature. 

Additionally, it is reported that the addition of 10% water in the fuel allows the BSFC to be reduced by 11% compared to conventional diesel. 

Fahd et al. [30] carried out a series of experimental tests in which the emissions of an engine fed with 10% water were studied. The results 

report a reduction of 29-37% in NO emissions. This was attributed to the reduction of the adiabatic temperature due to the absorption of heat 

from the water particles. The reduction of NO contributes directly to the reduction of NOx formations. Similar results were reported by Alahmer 

et al. [31], which indicate a greater reduction in NOx emissions with the increase in the percentage of water in the fuel. Park et al. [32] obtained 

a 90% reduction in NOx as a result when using water emulsions with a percentage of 40%. Ghojel et al. [33] managed to achieve a 30% reduction 

in NOx when using emulsified fuels. Kaliaperumal and Udayakumar [34] reported a reduction between 10-25% of NOx emissions with water 

concentrations of 10-20%. Matheaus et al. [35] added 20% of water to conventional diesel, achieving a 19% decrease in NOx. Most research 

indicates that adding water to commercial diesel reduces NOx formation. Due to these results, researchers have studied the influence of the 

addition of water in biodiesel blends. Among the types of biodiesel investigated are Jatropha oil [36], Thevetia peruviana [37] and residual 

cooking palm oil [38]. In each of the above cases, a decrease in NOx emissions has been reported. Perumal and Ilangkumaran [39] analyzed 

blends of biodiesel from Pongamia with water emulsions in 5% and 10%. The results obtained indicate a reduction of 20% and 30% in NOx 

emissions. 

 

Previous research shows that the addition of water has the potential to reduce NOx emissions, thus solving one of the main problems 

associated with the use of biodiesel. In the present study, the effect of water emulsions in soybean oil biodiesel is investigated. Because this oil 

has a high potential as a raw material for the production of biodiesel and the influence of water on this type of biodiesel has been little investigated 

in the literature. To analyze the potential of water emulsions in soybean oil biodiesel blends, combustion characteristics such as combustion 

chamber pressure, heat release rate, and BSFC are analyzed. Additionally, an evaluation is carried out on the emissions of CO, HC, NOx and 

smoke opacity. The development of the experimental tests is carried out in a single cylinder stationary diesel engine, to which blends of soybean 

oil biodiesel with 4% and 8% water emulsions were added. Each of these blends is compared to commercial diesel. 

 

 

II. THEORETICAL FRAMEWORK 

 
Water emulsions produce two main effects in the combustion chamber, which correspond to the phenomenon of reducing the temperature 

in the combustion chamber and the phenomenon of micro-explosions. These effects influence the characteristics and the combustion process 

[40]. Each of the phenomena are detailed below. 

 

The phenomenon of temperature reduction in the combustion chamber is produced by the absorption of heat from the water particles. This 

is due to the fact that water has a lower boiling point compared to diesel, which causes that in fuels with water emulsions there is an additional 

absorption of heat, and therefore a decrease in temperature [41][42]. NOx emissions are directly related to the high temperatures in the chamber. 

Due to the above, the temperature reduction caused by the water emulsions could reduce the formation of NOx. 
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The phenomenon of micro-explosions is a consequence of small water droplets dispersed in the fuel. During the combustion process the 

water droplets produce micro-explosions, which favor the mixing process between the fuel and the air. This can lead to greater efficiency in the 

combustion process, reducing polluting emissions such as HC and particulate matter [43]–[45]. 

 

 

III. METHODOLOGY OR PROCEDURES 

 

A two-stage transesterification process was used to prepare biodiesel from soybean oil, following the steps recommended in the research by 

Vellaiyan [6]. Figure 1 describes the steps to take soybean oil to biodiesel. 

 

 
Figure 1: Schematic diagram of biodiesel preparation. 

Source: Own creation based on contributions from [6]. 

 

The process begins with a reduction in the acid number of crude soybean oil through an esterification process. Subsequently, the crude 

soybean oil was mixed with 1% sulfuric acid and ethanol. The resulting mixture was stirred for 60 minutes at a temperature of 60 °C. Through 

a sedimentation process, the amount of unwanted methanol and water is removed. The resulting solution was applied to the transesterification 

process. For this, it was heated to a constant temperature of 60 °C and mixed with methanol and a solution of potassium hydroxide. Finally, a 

sedimentation process is carried out to separate the biodiesel from soybean oil. 

 

 
Figure 2: Schematic diagram of biodiesel preparation. 

Source: Own elaboration. 
 

1. Auto-Transformer, 2. Electric motor, 3. Gear box, 4. Water tank, 5. Mixing chamber, 6. Agitator. 

 

To prepare biodiesel from soybean oil emulsified in water, the sorbitan monolaurate surfactant technique and a mechanical agitation process 

were used. Figure 2 shows the equipment used for this preparation. 

 

To carry out the emulsification process, water is added slowly in drop forms to the biodiesel, with a mechanical stirring speed of 5000 rpm. 

The mixture was stirred for 45 minutes, and subsequently, a purification process was carried out using a filter. Because excess water causes 

engine failure, its concentration remained below 10%. Table 1 shows the composition and nomenclature of the fuels to be analyzed. 

 

For the development of the experimental tests, a single-cylinder, 4-stroke stationary diesel engine was used. The technical characteristics of 

the engine are shown in Table 2. 
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Table 1: Test fuels. 

Nomenclature Composition 

D 100% Diesel 

SB 95% Diesel + 5% Soybean oil biodiesel 

SB4W 91% Diesel + 5% Soybean oil biodiesel + 4% water 

SB8W 87% Diesel + 5% Soybean oil biodiesel + 8% water 

    Source: Own elaboration. 

 
Table 2: Specifications of the diesel engine. 

Model SK-MDF300 

Manufacturer SOKAN 

Bore x stroke 78 mm  

Cycle 4 Strokes 

Stroke 62.57 mm 

Intake system Naturally Aspirated 

Injection Angle 20° BTDC 

Injection system Direct injection 

Compression 20:1 

Displaced volume 299 CC 

   Source: Own elaboration. 

 

Figure 3 shows the schematic diagram of the engine test bench. A dynamometer was used to check the engine operating conditions. 

 

 
Figure 3: Engine test bench. 

Source: Own elaboration. 

 

1. Air flow meter, 2. Gravimetric fuel meter, 3. Diesel engine, 4. Piezoelectric sensor, 5. Encoder, 6. Dynamometer, 7. BrainBee AGS-688, 8. Bacharach 

PCA 400, 9. BrainBee OPA-100. 

 

The intake flow and fuel flow measurements were made using a hot wire meter (BOSCH 22680 7J600) and a gravimetric flow meter. A 

piezoelectric sensor (KISTLER type 7063-A) was used to measure the combustion pressures. Exhaust gas emission levels were measured using 

the Bacharach PCA® 400 and BrainBee AGS-688 gas analyzers. Additionally, an opacimeter (BrainBee OPA-100) was used. A computer was 

used to record the measured parameters. Table 3 shows the specifications of the emission measurement instruments. 

 

Four different operating conditions were selected for the experimental tests, in which the engine torque took values of 2 Nm, 4 Nm, 6 Nm, 

and 8 Nm at a constant rotation engine speed of 3400 rpm. In each of these conditions, the engine operated for 15 minutes to guarantee a stable 

condition in the measured parameters. Furthermore, in order to avoid experimental errors, each operating condition was repeated nine times. 

 

 

Table 3: Gas analyzer specifications. 

Instrument Measured quality Measuring range Resolution 

BrainBee AGS-688 

CO 0÷9.99 vol% 0.01% vol 

CO2 0÷19.99 vol% 0.1% vol 

HC 0÷19.999 [ppm] 1% vol 

Bacharach PCA 400 NOx 0÷3000 [ppm] 1 ppm 
     Source: Own elaboration. 
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To analyze the characteristics of combustion when using water emulsions in soybean oil biodiesel, the calculation of the heat release rate 

(HRR) is performed. For this calculation, the differential model is used as a function of the crankshaft angle developed by Ferguson and 

Kirkpatrick [46]. The model used is described by means of Eq. (1). 

𝑑𝑄

𝑑𝜃
=

𝑘

𝑘 − 1
𝑃 ∙

𝑑𝑉

𝑑𝜃
+ 𝑉 ∙

𝑑𝑃

𝑑𝜃
 (1) 

where 
𝑑𝑄

𝑑𝜃
 is the heat release rate, P the combustion chamber pressure, 𝜃 the crankshaft angle and 𝑉 the cylinder volume. 𝑘 represents the specific 

heat ratio, which is defined by the Zucrow and Hoffman equation [47]. Due to the above, Eq. (2) is used.  

𝑘(𝑇) = 1.458 − 1.628 × 10−4𝑇 + 4.139 × 10−8𝑇2 (2) 

Table 4 shows the uncertainties of the main measurement parameters. 

 

Table 4: Uncertainty list of main measures. 

Measure instrument Uncertainty (%) 

Dynamometer load ±0.25 

Pressure ±0.05 

Crank angle encoder ±0.05 

Brake specific fuel consumption  ±1 

CO ±0.1 

HC ±0.25 

NOx ±0.2 

     Source: Own elaboration. 

 

IV.   RESULTS, ANALYSIS AND INTERPRETATION 

 

a. Properties of test fuels 
 

The EN590 and EN4214 measurement standards were used to measure the physicochemical properties of palm oil biodiesel and water 

emulsions. The properties obtained are shown in Table 5. 

 
Table 5: Test fuel properties. 

Fuel Calorific value [MJ/kg] 
Viscosity 
[mm2/s] 

Density 
[kg/m3] 

D 43 2.4 831 

SB 38 3.9 870 

SB4W 36.5 4.3 876 

SB8W 35 4.92 883 

     Source: Own elaboration. 
 

The results shown in Table 5 indicate that the calorific value of SB is 11.62% lower compared to commercial diesel. The presence of water 

in SB4W and SB8W fuels causes the calorific value of the fuel to be further reduced. The fuels SB4W and SB8W presented a calorific value of 

3.94% and 7.89% lower compared to the SB. Additionally, it was observed that SB4W and SB8W fuels show higher levels of density and 

viscosity. SB4W and SB8W water emulsion fuels produce a 10.25% and 26.15% increase in viscosity when compared to SB. This increase is 

associated with the high interaction that occurs in the water particles. On average, water emulsions show a density of 5.83% higher compared 

to diesel. 

 

b. Combustion characteristics 
 

Figure 4 shows the influence of test fuels on the pressures of the combustion process. The results indicate that the fuels with the water 

content (SB4W and SB8W) reach higher pressure levels during combustion, compared to SB. The SB4W fuel reached pressure conditions very 

close to commercial diesel. 
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Figure 4: Pressure in the combustion chamber with 4 Nm and 3400 rpm. 

Source: Own elaboration. 
 

The maximum pressure values were 54, 51, 54.5, and 58 bar for fuels D, SB, SB4W, and SB8W, respectively. This increase in SB4W and 

SB8W fuels is attributed to the fact that the presence of water leads to a longer duration in micro explosions. The described behavior is in 

agreement with other types of biodiesel mixed with water [17][19]. 

 

The influence of fuels on the heat release rate (HRR) is shown in Figure 5. The results obtained indicate that the SB presents a reduction in 

the maximum value of HRR compared to diesel, which is mainly a consequence of its lower calorific value. 

 

 
Figure 5: Heat release rate with 4 Nm and 3400 rpm. 

Source: Own elaboration. 
 

However, the addition of water in soybean oil biodiesel increases the maximum HRR value. In the case of the SB4W and SB8W blends, 

the maximum HRR value was found to be 5% and 20% higher compared to diesel. This is attributed to the heat absorption capacity of the water 

particles, which is subsequently released [30]. 

 

c. Fuel consumption 
 

Changes in the Brake Specific Fuel Consumption for diesel and biodiesel blends are shown in Figure 6. As expected, soybean oil biodiesel 

causes an average increase in BSFC of 27% compared to diesel. This can be attributed to the viscosity and density properties of the SB since, 

as they are higher, they affect the spraying process by injecting a greater amount of fuel. 
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Figure 6: Brake Specific Fuel Consumption. 

Source: Own elaboration. 
 

In the case of emulsions in water, SB4W, and SB8W, two behaviors are shown. For SB4W fuel, the BSFC was reduced by 8.15% compared 

to the SB. However, SB8W fuel causes an increase in BSFC by 11% compared to SB. This reduction in the BSFC when adding a percentage of 

water is in agreement with the results present in other investigations [27]. However, a high percentage of water in the fuel causes a higher BSFC 

because the water particles cause longer combustion and a longer delay in ignition. 

 

d. Emission characteristics 
 

The smoke opacity of each fuel is shown in Figure 7. The results obtained show that soybean oil biodiesel causes a 16.44% reduction in 

smoke opacity when compared to commercial diesel. This result is contributed to the lower percentage of oxygen and carbon in the SB. 

Additionally, it was observed that the addition of a percentage of 4% and 8% of the water in biodiesel causes a greater reduction in smoke 

opacity. On average, the SB4W and SB8W have 13% less smoke opacity than the SB. This can be attributed to the better air-fuel ratio caused 

by the presence of water particles. 

 

Nitrogen oxide (NOx) emissions are shown in Figure 8. It is observed that the SB causes a 15% increase in NOx emissions. This is a 

common behavior that has been reported in different types of biodiesel [48]. However, the presence of water allowed the reduction of NOx 

emissions. The results indicate that the SB4W and SB8W blends achieve a 14% and 33% decrease in NOx levels compared to commercial 

diesel. This behavior is mainly attributed to the reduction of the temperature in the combustion chamber caused by the heat absorption of the 

water particles. 

 
Figure 7: Smoke emissions for fuels tested. 

Source: Own elaboration. 
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Figure 8: NOx emissions for fuels tested. 

Source: Own elaboration. 

 

Carbon monoxide (CO) and hydrocarbon (HC) emissions are shown in Figure 9 and Figure 10. The results shown in Figure 9 indicate that 

soybean oil biodiesel reduces CO emissions by 36% compared to diesel. For low levels of torque, it was observed that the water emulsions 

present higher emission levels than the SB. This may be due to a reduction in temperature during the combustion process, which leads to 

incomplete combustion at low load levels. However, for torque greater than 2 Nm, it was observed that the SB4W fuel achieves a 15% greater 

reduction compared to the SB. Although the SB8W fuel has lower CO emissions compared to diesel, it is not possible to obtain a greater 

reduction than the SB. 

 

Similar behavior was observed when analyzing HC emissions (Figure 10). In general, soybean oil biodiesel shows an improvement in HC 

emissions under all operating conditions. Water emulsions show less reduction capacity for low torque levels. However, for higher load levels, 

the SB4W fuel allows a 40% greater reduction than the SB. Again, this behavior is not reflected in SB8W fuel. 

 

 
Figure 9: CO emissions for fuels tested. 

Source: Own elaboration. 
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Figure 10: HC emissions for fuels tested. 

Source: Own elaboration. 
 

 

V. PROPOSAL FOR IMPROVEMENT 

 

Although the 4% and 8% water emulsions in the soybean oil biodiesel made it possible to reduce the emissions of smoke opacity, NOx, CO 

and HC, it was observed that the addition of water causes an increase in the consumption of fuel compared to conventional diesel. To minimize 

this effect, several methods can be implemented such as adjusting the injection time, oxygen enrichment and the addition of nanoadditives 

(ferric chloride and aluminum oxide). This last alternative is frequently investigated today. 

 

The research carried out has focused mainly on the study of emissions and combustion characteristics. However, the study can be completed 

by considering the economic analyzes for water emulsions applied to soybean oil biodiesel, the development of more efficient blending 

processes, and the long-term effects of water emulsions on engine components.  

 

 

VI. CONCLUSIONS 

 

This study analyzes the influence of biodiesel from soybean oil and water emulsions (4% and 8%) on the performance conditions, 

combustion characteristics, and polluting emissions of a diesel engine. The experimental results obtained show that the presence of water 

particles in soybean oil biodiesel causes a reduction in calorific value and an increase in density and viscosity. On average, SB4W and SB8W 

water emulsions produce a 6% reduction in calorific value, and an 18% and 1% increase in viscosity and density, compared to SB. 

 

The addition of water in soybean oil biodiesel allows maximum values to be produced in the pressure and release rate curves that are closer 

to those obtained with commercial diesel, which is a consequence of the ability of water particles to produce micro explosions and absorb heat. 

The inclusion of an adequate percentage of water in soybean oil biodiesel allows improving fuel consumption. In the case of the SB4W fuel, a 

reduction in the BSFC of 8.15% compared to the SB was observed. However, a percentage of water greater than 4% can cause an inverse 

behavior. This effect can be reduced by applying techniques such as adjusting the injection time, oxygen enrichment and the addition of 

nanoadditives. 

 

The study of emissions showed that fuels with water content reduce NOx levels. On average, the SB4W and SB8W allow this type of 

emissions to be reduced by 23%. Despite the fact that both water emulsions reduce the emissions of the opacity of smoke, CO and HC compared 

to diesel. The SB4W fuel had a greater capacity to reduce these emissions compared to the SB8W. This is due to the fact that a high concentration 

of water particles can cause an excessive reduction in temperature, which can lead to incomplete combustion. 

 

In the specific case of SB4W fuel, it is possible to achieve a reduction of 16%, 29%, and 14% in emissions of CO, HC, and smoke opacity 

compared to biodiesel from soybean oil. Due to the previous results, the inclusion of 4% of the water in soybean oil biodiesel is recommended 

to improve emissions of NOX, the opacity of smoke, HC, and CO. 

 

 

VII. RECOMMENDATIONS 

 

Since the condition of the engine components has a direct impact on performance, it is necessary to verify that the presence of water does 

not cause damage by corrosion processes. Therefore, it is advisable to analyze which components are exposed to this risk and determine the 

exposure time. 

One of the main limitations for the application of fuels with water emulsions is the little support from governments for this type of alternative 

fuels. Therefore, future research should focus on engines used in the transport sector and in the industrial sector. This in order to demonstrate 

the advantages of water emulsions in biodiesel blends in different types of applications. 
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