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The rising issue of the depletion of fossil fuels opened a new pathway to seek alternative 
fuels to fulfil World Sustainable Development Goals (SDG). The application of high-
blending biodiesel is possible however, it causes the diesel engine to perform poorly due 
to high viscosity, high fuel consumption, and increased NOx emission. To comply with the 
strict regulation, the idea of combining alternative fuels of high blending biodiesel, water-
in-biodiesel emulsion, and hydrogen is seen as possible to solve the issue of each 
alternative fuel. Therefore, this study focused on the effect of high blending of biodiesel, 
water-in-biodiesel emulsion with hydroxy (HHO) enrichment in single-cylinder diesel 
engines on engine performance and exhaust emission. The fuel tested for this study are 
B10, B50, and an emulsion of B50 with the addition of HHO known as B50H and tested on 
engine speeds of 2400rpm under various loading conditions of 1kW, 2kW, 3kW, and 4kW. 
The result showed the B50H showed improvement in Fuel Consumption (FC) by 4%, 5% 
for Brake Thermal Efficiency (BTE), and reduced Nitrogen oxide (NOx) by 23% compared 
to B10 fuel. Thus, the combination of high blending of biodiesel, water-in-biodiesel 
emulsion, and HHO gas successfully improved diesel engine performance and reduced 
harmful exhaust emissions to promote clean and renewable energy, without depending 
on current diesel fuel. 
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1. Introduction 
 

It’s undeniable that the world still worries about global warming due to the greenhouse effect 
from carbon dioxide (CO2) and the diminishing of natural resources from the increasing demand for 
fossil fuels [1-3]. The diesel engine is widely used in major industries like transportation, energy 
generation, and agriculture making this engine still preferable due to it provides more power and 
ruggedness, however, this engine also exhausted harmful emissions like particulate matter (PM) and 
Nitrogen Oxides (NOx) which still needs to be improved to reduce pollution in the world. The first 
sentence should start here [1].  
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Various efforts have been made to reduce the dependency on fossil fuels like petroleum and 
diesel fuel by shifting to alternative fuels. Various alternative fuels have been introduced in the diesel 
engine including methanol [4-6], butanol [7,8], dimethyl ether [9-11], nano additive [12-14], and 
biodiesel [15,16] have been thoroughly studied and used in diesel engines today. 

Going higher biodiesel blend for diesel engine applications can be challenging due the several 
issues which are high kinetic viscosity and low energy content that can cause high fuel consumption 
and decrease power and torque. Furthermore, biodiesel also can cause increasing in NOx emissions 
during the combustion of biodiesel fuel [17]. 

The issue of biodiesel can be solved by introducing the water-in-biodiesel emulsion. The 
advantage of using a water-in-biodiesel emulsion (W/D emulsion) is the fuel can be used directly to 
the engine without any modification or retrofitting to the diesel engine itself and a potential strategy 
for reduced emission and increased engine performance [18]. The emulsion fuel is defined as the 
mixture of two or more immiscible liquids blended [19] with the addition of surfactant to keep the 
emulsion stable for certain periods and reduce the interfacial tension between two different 
immiscible liquids [20-23].  

Many studies reported the combustion of W/D emulsion improved BTE and reduced NOx 
emissions due to the presence of water in the fuel and special occurrences known as micro-explosion 
phenomena. The water inside the fuel will reduce the peak temperature inside the combustion 
chamber to reduce the NOx formation [19,22,24]. The demonstration using water-in-diesel emulsion 
fuel showed that the smoke opacity was drastically reduced compared to diesel fuel use [22,25,26]. 
However, the problem with using the W/D emulsion is the stability issue which is the need for 
surfactant to keep the emulsion stabilized, reduced engine performance power, and increasing other 
pollutants such as CO and unburned hydrocarbon emissions.  

Biodiesel also can be improved by blending with other natural gas such as hydrogen. Due to its 
high flame speed, high diffusivity, low heating value, low ignition energy, wide range of flammability, 
and short quenching distance, hydrogen is very promising. Additionally, hydrogen has a low heating 
value [27], which makes it a practical fuel source. Utilizing their carbonless atomic structure can also 
result in fewer carbon-based emissions [28,29]. Due to its high self-ignition temperature of 535 C, 
hydrogen cannot be used in a compression ignition engine without a spark plug or glow plug. 
Compression ignition engines cannot run solely on hydrogen. Hydrogen enrichment improves the 
combustion process and raises thermal efficiency. Additionally, pre-mixed fuel tends to rise during 
diffusivity with modest hydrogen enrichment [30,31]. 

The idea of introducing hydrogen with high-blending biodiesel B50 and water-in-biodiesel 
emulsion is very intriguing since this research has never been studied and done. Hydrogen gas can 
be produced through a concept of electrolysis of water and can be generated in real-time through a 
hydroxy (HHO) gas generator. The generation of hydrogen gas from a hydroxy (HHO) generator 
eliminates the hydrogen issue which needs a large tank to store the hydrogen gas and the high cost 
to modify the hydrogen gas to the vehicle needs some retrofitting to the engine itself. Therefore, the 
objective of this paper is to study the effect of a combination of hydroxy (HHO) gas with high blending 
biodiesel and water-in-biodiesel emulsion fuel toward engine performance and exhaust emissions 
compared to B10 and B50 of biodiesel fuel under various loading conditions of 1kW, 2kW, 3kW and 
4kW of constant speed 2400rpm. This study also contributes to the body of knowledge in seeking 
alternative fuels that are sustainable, cleaner energy, and reduce the dependency on current 
conventional fossil fuels. 
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2. Methodology  
2.1 Emulsion Fuel Preparation 

 
There are three fuels used for this testing which are B10 fuel, B50, and emulsion fuel of B50H 

with additional HHO gas. The B50 fuel was selected to be tested as the main fuel with higher 
composition of biodiesel-diesel blending of 50:50, compared to B10 fuel, in which B10 fuel is 
commercial diesel fuel that can be found in local gas stations. The reason for using high blending 
biodiesel fuel of B50 was to study the performance of B50 fuel and the combination of B50 fuel with 
5% water and HHO gas for engine performance and exhaust emission study. The emulsion fuel of 
B50H was made as shown in Table 1.  
 

Table 1 
Description of the fuel type used 
Description Label 

B10 Biodiesel B10 
B50 biodiesel B50 
B50 biodiesel + water (5%) + Span 80 + HHO gas B50H 

 
For this experiment, B50 biodiesel made from palm oil will be the main fuel in this project. The 

emulsion fuel contained B50 biodiesel, span 80 (surfactant), and 5% of water, and the composition 
ratio used is 93% of B50 biodiesel + 2% of Span 80 + 5% of water and mixed by using an overhead 
stirrer with a speed of 5000rpm for 10 minutes. Meanwhile, for HHO production gas, an HHO 
generator was used to produce the hydroxy gas (HHO), and the newly made HHO gas was promptly 
supplied into the engine through the intake manifold. The HHO gas was produced through the 
concept of water electrolysis and the generator used is a dry type of generator. The electrolyte used 
for the electrolysis of water is 10% Sodium Hydroxide Solution (NaOH) and the production of HHO 
gas was set to the maximum current supply. Table 2 showed the specification of the HHO generator 
used for this testing. 
 

Table 2 
Specification of diesel engine 
Parameter Specifications 

Model Yanmar TF90M 
Engine Type 4-Stroke, Single Cylinder 
Rated Engine Speed (rpm) 2400  
Continuous Rating Output (kW) 6.3 kW / 8.5 hp 
Fuel Injection System Direct Injection 
Cooling System Water-Cooled 
Displacement, cc 0.493 
Bore x Stroke, mm 85 x 87 
Compression Ratio 18.0 

 
2.2 Engine Testing 

 
Figure 1 demonstrates the schematic diagram of the engine testing conducted while Table 2 

shows the specification of the engine used for this testing. The engine was operated under the same 
speed of 2400rpm with various loading conditions which are 1kW, 2kW, 3kW, and 4kW. For loading 
conditions, the engine used was coupled with an eddy current dynamometer for load purposes. The 
eddy current used in the experiment is a 10kW KLAM RETARDER T10 dynamometer (dyno) which can 
sustain torque up to 25Nm at 3700rpm. The B10 and B50 were introduced to the engine through the 
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fuel injector and the B50H fuel was introduced by using a fuel injector for emulsion and additional 
HHO gas through the intake manifold. The HHO gas was produced in real-time from the electrolysis 
of water using NaOH electrolyte with a concentration of 10% and the current supply for HHO gas was 
set to maximum. The HHO gas produced flowed into the flow meter and flame arrestor to prevent 
the backflow of gas. The data measured and collected from this testing were engine performance 
Brake Thermal Efficiency (BTE), Fuel Consumption (FC), and exhaust emissions of Nitrogen Oxides 
(NOx), and Carbon Monoxide (CO).  

 

 
Fig. 1. The Schematic diagram of experimental testing 

 
3. Results and Discussion 
3.1 Combustion Performance 
3.1.1 Brake thermal efficiency (BTE) 

 
Figure 2 showed the BTE result by B10, B50, and B50H under a constant speed of 2400rpm with 

various loading conditions. As shown in Figure 2, as the load increases, the BTE for each tested fuel 
also increases. Notably, the B10, B50, and B50H fuel showed similar patterns for all loading 
conditions. The B50H has the highest overall efficiency of 23.3% compared to B10 fuel and B50 which 
is by 22.19% and 22.58% respectively. The emulsion fuel of B50H fuel improved in BTE compared 
throughout all load conditions due to micro-explosions phenomena [32]. the presence of water in 
the emulsion fuel puffing and explodes in small fine droplets which enhances more surface area 
during combustion. Thus, the combustion of fuel inside the combustion chamber becomes more 
uniform leading to higher BTE in B50H fuel compared to B10 and B50. Compared to both B50 and 
B50H, the BTE of B50H showed better results due to the addition of HHO gas. The HHO gas consists 
of hydrogen and oxygen gas. The hydrogen gas has high flammability and more energy content which 
accelerates to achieve the peak temperature during the combustion process. By promoting faster 
and more complete combustion, hydrogen contributes to maximizing energy release and utilization 
within the engine [33]. Thus, the HHO gas helps the B50H to enhance the overall efficiency and 
performance during the combustion process. The B50H improves BTE by 5.2% than B50 fuel by 1.7% 
compared to B10 fuel. 
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Fig. 2. Brake Thermal Efficiency (BTE) 

 
3.1.2 Fuel consumption 

 
Figure 3 demonstrates the fuel consumption (FC) of B10, B50, and B50H under loading conditions 

of 1kW, 2kW, 3kW, and 4kW with a constant speed of 2400rpm. As shown in the graph the B50 fuel 
has the highest fuel consumption at 1kW to 3kW however at 4kW the FC of B50 fuel is reduced 
compared to B10 fuel. Meanwhile, the B50H showed the lowest FC throughout all loading conditions. 
The reason for this occurrence was due to the enhancement of micro-explosion with the additional 
effect of HHO gas during the combustion of B50H fuel. The micro-explosion in the B50H fuel is 
stronger resulting larger surface area in fragmented small droplets size. More surface area of droplet 
fuel enhances the better-burning efficiency of B50H fuel during combustion, thus resulting in lower 
fuel consumption. The HHO enrichment in B50H exhibits better fuel efficiency compared to other 
fuels of B10 and B50. The HHO gas plays a significant role during the combustion process by rapidly 
igniting and reaching peak temperatures, providing complete combustion for fuel in the combustion 
chamber, and utilizing energy released in HHO gas. Thus, the HHO gas facilitates the combustion of 
B50H fuel to achieve low FC compared to B10 and B50 fuel. The overall FC for B50H is 16.58ml/min 
while B10 and B50 are 16.9 ml/min and 17.21 ml/min, respectively. The B50H showed better fuel 
saving by 4% than B50 fuel which increased the fuel consumption by 2% compared to B10 fuel. 

 

 
Fig. 3. Fuel Consumption (FC) 
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3.2 Exhaust Emission 
3.2.1 Nitrogen oxide (NOx) 

 
Figure 4 showed the Nitrogen Oxides (NOx) for all tested fuels under constant speed and loading 

of 0kW to 4kW. The result showed that the B50H fuel has the lowest NOx emissions compared to 
other fuels with an overall NOx reduction of 254.81ppm compared to B50 and B10 which are 
408.55ppm and 395.96ppm respectively. The B50 increased the NOx emission for all loading 
conditions due to the properties of biodiesel which increased the NOx emission. However, the B50H 
showed the lowest NOx emission compared to other tested fuels for all loading conditions. This 
observation was due to the impact of the presence of water in the emulsion fuel of B50H and HHO 
enrichment. Water alters combustion characteristics, leading to more controlled and efficient 
combustion and lower NOx emissions. Additionally, the surfactant in the fuel mixture aids in emulsion 
formation and stability, contributing to NOx reduction. It promotes a homogeneous fuel-air mixture, 
enhancing combustion and minimizing nitrogen oxide formation. Overall, the B50H showed a NOx 
reduction of 23.4% than the B50 fuel of 4.5% increments compared to the B10 fuel. 

 

 
Fig. 4. Nitrogen Oxide (NOx) concentration (ppm) 

 
3.2.2 Carbon monoxide (CO) 

 
Figure 5 showed the Carbon Monoxide (CO) emission for B10, B50, and B50H with a constant 

speed of 2400rpm under increasing load conditions of 1kW to 4kW. The B50 showed the lowest CO 
emissions compared to B10 and B50H fuel across all loading conditions. The B50 reduced CO emission 
compared to other fuels with a concentration of 392.01 ppm from the B10 fuel and B50H fuel. 
However, the B50H showed the highest CO emission with an overall concentration of 562.86ppm 
than B10 fuel of 477.27ppm. The increase in CO emission in B50H fuel was due to the presence of 
water in emulsion fuel. The water embedded inside the emulsion fuel could freeze the temperature 
inside the combustion chamber which limits the conversion process of CO to be converted to CO2. 
Thus the complete combustion was limited to insufficient temperature [34]. As a result, more CO 
emission formation was recorded for B50H fuel. The B50 improved CO emission by 18% while the 
B50H increased CO emission by 17% compared to B10 fuel. 
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Fig. 5. Carbon Monoxide (CO) concentration (ppm) 

 
4. Conclusions 

 
In conclusion, the combination of sustainable sources like water and HHO in biodiesel emulsion 

fuel of B50 brings a new finding and benefit as the main source of energy that is very green, greener, 
and environmentally friendly. The performance and exhaust emission shown by B50H under various 
loading conditions from 1kW to 4kW are as the following 

i. The B50H showed the highest BTE by 23.3% with water and HHO compared to B10 and 
B50 

ii. The FC of B50H recorded the lowest fuel consumption at 16.58ml/min compared to B50 
and B10 by 16.9ml/min and 17.21ml/min respectively. 

iii. The B50H has an overall reduction of NOx emission by 23.4%, while B50 increased NOx 
emission by 4.5% compared to B10 fuel. 

iv. The CO emission for B50H increased by 17% while B50 improved CO emission by 18% 
compared to B10 fuel. 

Overall, the combination of water with high blending biodiesel of 50% and HHO gas has immense 
potential to be explored as sustainable and renewable energy in diesel engine applications. Thus, 
more research works need to be studied for this potential fuel to utilize its full performance. 
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