
Exploring the efficiency and
emission characteristics of
hydroxy-boosted canola biodiesel
in comparison to traditional
diesel fuels

Ahmet Çalık*

Department of Mechanical Engineering, Burdur Mehmet Akif Ersoy University, Burdur, Türkiye

In this research, we experimentally examined how incorporating HHO into blends
of 20% canola biodiesel with 80% diesel and 40% canola biodiesel with 60% diesel
impacts the engine’s performance and its emission traits. Canola oil, widely used
in Europe, served as the biodiesel base. The addition of HHO, recognized for its
potential to improve combustion efficiency and reduce emissions which were
deteriorated by biodiesel addition. The findings revealed decrement on fuel
consumption as 5.74% and 4.43% and rise in thermal efficiencies as 3.92% and
3.97% with HHO addition compared to B20 and B40, respectively. Besides that,
CO emissions were reduced significantly up to 35.43%, while CO2 emissions
decreased moderately up to 14.93% compared to diesel fuel. On the other hand,
biodiesel and HHO addition increased NOx emissions as 49.80%. Utilization of
biodiesel and HHO in diesel engines offers a straightforward way to reduce
emissions and enhance fuel efficiency, addressing environmental issues and
promoting sustainable transportation.
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Introduction

Energy is the leading field in the economic growth of a country in the world. The
International Energy Agency states in its reports that the world’s energy needs will increase
nearly 40 percent by 2040. In the majority of countries, limited fuel reserves lead to
dependence on imported fossil fuels, which has a dramatic impact on the country’s
economy (Geo Varuvel, 2023). In the industries, diesel engines is the most prominent
engine due to their better efficiencies and reliabilities. The increasing demand for fossil fuels
day by day and the resulting rapid depletion of petroleum-based fuel, which is the main fuel
source of diesel engines, poses a significant problem.

The major drawbacks of diesel engines are the release of significant amounts of smoke
and nitrogen oxides (NOx) emissions. During the combustion of diesel fuel, carbon
monoxide (CO), NOx, and hydrocarbon (HC) emissions occur (Elumalai and Ravi,
2023). Emissions such as particulate matter (PM), HC, CO, and NOx resulting from
diesel engines also pose a danger to human health. Due to the drawbacks of diesel engines,
the discovery of a renewable and environmentally friendly fuel for diesel engines becomes
critical (Ming et al., 2018). Biodiesel fuels have a promising potential to replace fossil-based
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fuels. Biodiesel is one of the most popular alternative fuels to
conventional diesel fuel due to the advantages of being
sustainable, biodegradable, and can be produced from all kinds
of organic materials, including waste, and can reduce exhaust gases
such as HC, CO, and smoke when used in internal combustion
engines (Kukana and Jakhar, 2022), (Gowrishankar and
Krishnasamy, 2023). Biodiesel contributes to reducing the risk of
global warming by reducing the life cycle of CO2. Biodiesel fuel can
also be used in various areas such as aircraft engines, agricultural
machinery, mobile engines, small-scale energy production, marine
engines, and process heating. There is a chemical reaction in the
biodiesel process. The chemical reaction that converts vegetable or
animal oil into biodiesel is called transesterification. Production is
carried out by using alcohol such as methanol or ethanol to bond to
vegetable oil or animal fat chemically. While the fatty acid profile in
biodiesel corresponds to the profile of the main oil or fat from which
it is obtained, the main parts in biodiesel fuels include straight-chain
fatty acids including 16 and 18 carbon atoms. The methanol, free
fatty acids, acylglycerols, and glycerol contained in biodiesel are
restricted to biodiesel norms such as European EN 14214 and ASTM
(American Society for Testing andMaterials) D6751, as well as other
norms being developed worldwide (Masera and Hossain, 2023),
(Riyadi et al., 2023). Along with its general positive features as a
transportation fuel, biodiesel also has another eventual usage areas,
but these usage areas are not at a level that can contend with the fuel
in terms of volume. Biodiesels are used as plasticizers, lubricants,
heating oil, power generation, various solvent applications, and
high-boiling adsorbents for cleaning gaseous industrial emissions.
Other advantages of biodiesel are its low or no sulfur content, lack of
aromatic content, high flash point, natural lubricity, reducing of
most adjusted exhaust emissions, miscibility with petrodiesel in all
mixture rates, and conformity with existent fuel dispersion
substructure. In addition to its advantages, biodiesel also has
disadvantages with its oxidation stability, cold flow features, and
corrosiveness to automotive fuel system materials. The biggest
obstacle to the commercialization of biodiesel is seen as the high
feed stock cost. While biodiesel is sold at more economical prices
compared to diesel fuel in European countries due to the tax
advantages given by governments, in other countries the cost of
biodiesel is much higher than diesel due to the lack of such tax
deductions (Sorate and Bhale, 2015), (Kanth et al., 2022). Sources of
obtaining biodiesel are listed as waste oils, animal fats, vegetable oils,
and algae. Inedible and edible vegetable oils used for conversion to
biodiesel include canola, sunflower, rubber seed, soybean, rapeseed,
mahua, karanja, linseed, corn, and tobacco (Geo Varuvel, 2023);
(Akcay et al., 2020); (Hong et al., 2015). It is considered essential to
grow oily plants with high oil content in obtaining biodiesel.
Countries also produce biodiesel by growing oil crops most
suitable for their own climate and soil conditions. One of the oils
used in biodiesel production is canola oil. Canola production has
increased sharply in the world in the last 40 years and ranks second
after soybean production in terms of oil grains with the highest
harvest. While canola is one of the most critical oilseed crops in
Europe and Canada, its processing for oil constitutes a significant
portion of the overall canola sector in the countries (Adewole et al.,
2016); (Martins et al., 2020).

In recent years, hydrogen has been preferred as a suitable
alternative in fuels in compression ignition engines owing to its

merits such as not having a carbon structure, not damaging the fuel,
and having a high calorific value. Although hydrogen also stands out
for its rapid ignition, clean consumption, and reuse properties, those
with higher nitrogen oxide properties are restricted by explosion and
hazardous applications (Kanth and Debbarma, 2021), (Kanth et al.,
2020). It has been stated that integrating H2 into diesel injection
engines shows a significant reduction in CO2, HC, and CO
emissions, while increasing the H2 ratio increases the heat release
rate and cylinder pressure, thus increasing NOx emissions. Although
emissions vary based on the hydrogen fraction and experimental
cases, it has been stated that smoke reductions of up to 100% or
specific particulate matter reductions of up to 80% have been
observed. However, by adding hydrogen to the fuel, a variability
between a 25% increase and a 50% relative decrease in NOx
emissions was detected (Adebisi et al., 2023), (Chiriac and
Apostolescu, 2013). Hydroxy (HHO) gas is usually produced via
electrolysis, involving the dilution of an electrolyte (like NaCl, KOH,
or NaOH) in water. This method leads to the generation of oxygen
and hydrogen gases at the anode and cathode, respectively. (Forero,
2021). The chemical reactions involved in the electrolysis of water
have been described in numerous investigations. When the gas is
fuel a diesel engine, it has similar advantages to hydrogen addition.

Using different energy sources as fuel has been investigated by
many researchers. Adding biodiesel to diesel is seen as a possible
alternative solution found in many studies. Simsek and Uslu
(Simsek and Uslu, 2020) added biodiesel obtained from animal fats
and vegetable oils to diesel fuel at a rate of 50% and tested it as 100%
biodiesel in a four-stroke, single-cylinder, air-cooled, and direct
injection compression ignition engine. They found that fuel mixtures
containing vegetable oil provide better results in the way of emission
and performance. In many searches by researchers, it is stated that
biodiesel mixtures with small content in volumes can replace diesel in
helping to control air pollution and greatly reduce the amount of use of
limited resources, without suffering a significant loss in engine power
and economy (Xue et al., 2011). Ozturk and Can (Öztürk and Can,
2022) examined the impacts of gas recirculation, injection retardation,
and ethanol addition on emission and performance characteristics by
running a fuelmixture of 10% canola biodiesel and 90%diesel in a diesel
engine. While the lowest smoke emissions were achieved with the
addition of 2% ethanol, they found that the addition of 2% ethanol at the
delayed injection timing had no visible effect on performance. Sanli and
Uludamar (Şanli and Uludamar, 2020) tested normal diesel, canola
biodiesel, and hazelnut biodiesel fuels in a diesel engine and carried out
exergy and energy analyses. According to fuel kinds, the top rates in
exergy and thermal efficiency were found in diesel fuel. The exergy and
thermal outputs of hazelnut biodiesel were determined as 37.93% and
35.33%, respectively, the efficiencies of canola biodiesel were 37.23%
and 34.67%, respectively, and the energy and exergy outputs of diesel
fuel were 38.85% and 36.45%, respectively. has been made Öztürk
(Öztürk, 2015) created a fuel by mixing hazelnut soap stock biodiesel
with canola oil biodiesel to improve some properties and reduce fuel
costs. In a mixture of 5% and 10% biodiesel, 5% addition to diesel
increased NOx emissions, while a decrease in total hydrocarbon, CO,
and smoke emissions was detected. At 10% addition, total hydrocarbon,
CO, and smoke emissions increased, while NOx emissions decreased.
The study by EL-Kassaby et al. (EL-Kassaby et al., 2016) aimed to
enhance engine performance and reduce emissions by addingHHO gas
to gasoline fuel. Their optimized HHO generation system led to a 10%
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increase in engine thermal efficiency, a 34% decrease in fuel
consumption, and significant reductions in CO, HC, and NOx
emissions, showcasing the potential of HHO gas as a
performance improver.

Recently, many researchers have been examining the engine
performance and emission characteristics by adding different
alternative fuels such as compressed alcohol, hydrogen, and natural
gas to biodiesel. Özcanlı et al. (Ozcanli et al., 2017) using hydrogen and
hydroxy enriched castor oil methyl ester diesel mixture, engine
performance characteristics and emissions were compared with
normal diesel engines and castor oil methyl ester fueled engines
without hydrogen addition. They discovered that specific fuel
consumptions and CO emissions were significantly reduced with the
supplementation of hydrogen and hydroxy compared to pure castor oil
methyl ester and a diesel engine. Reddy and Sarangi (Rami Reddy and
Sarangi, 2023) tested the fuel they created by adding aluminum oxide
and titanium oxide nanoparticle additives to diesel fuel along with the
biodiesel they created with mango seed methyl esters, in a water-cooled
four-stroke diesel engine. They also examined engine emissions and
performance by introducing hydrogen as a secondary fuel in a dual-fuel
concept. Their outputs show that the fuel mixture containing 20%
mango seed methyl esters, 10% water, 70% diesel, and 75 ppm Al2O3

and TiO2 by volume can substituted for normal diesel fuel without any
major changes to the engine if the restrictions in nanoparticle phase
stabilization can be avoided.

The study by Demir et al. (Demir et al., 2024) investigates the
enhancement of diesel fuel with graphene and HHO gas to address
the increasing energy demand and environmental concerns. By
mixing diesel with fuel oil and adding graphene particles, and
integrating HHO gas into the fuel blend, they aimed to improve
combustion efficiency and reduce emissions. Tests conducted at
various engine torques showed that these additions significantly
improved thermal efficiency and reduced harmful emissions,
offering a promising alternative fuel strategy to mitigate fossil
fuel depletion and environmental impact.

Zaho et al.’s (Zhao Z. et al., 2022) research demonstrates that
adding HHO gas to a spark ignition engine improves performance
and emissions. “The research contrasts gasoline port injection with
the addition of HHO (GPI + HHO) against gasoline direct injection
supplemented with HHO (GDI + HHO), discovering that GDI +
HHO superiorly boosts engine performance, diminishes HC and CO
discharges, yet marginally elevates NOx emissions. GDI + HHO is
identified as the optimal method for integrating HHO gas into
gasoline engines.

Recent advancements have not only focused on biodiesel but
have also extended to exploring the efficacy of HHO gas
enrichment—a product of water electrolysis—on diesel engine
performance. HHO gas, known for its clean-burning properties,
offers a pathway to reducing harmful emissions from diesel engines.
In line with this, Praveenkumar et al. (Praveenkumar et al., 2024)
delved into current technologies for energy recovery from waste,
highlighting the potential of integrating such technologies with
traditional fuel systems to reduce polyaromatic hydrocarbons and
advocate for recycling strategies. Their research provides a
comprehensive view on how novel approaches, including HHO
enrichment, can contribute to a more sustainable energy future.
Furthermore, Sekar et al. (Sekar et al., 2024) investigated the
performance enhancements in diesel engines using nanomaterials

and chlorella vulgaris microalgae blends, augmented with biogas.
This study presents an innovative approach to fuel blending that can
significantly improve engine performance while minimizing
environmental pollutants, suggesting a synergistic effect when
combining multiple bio-based additives with HHO gas
enrichment. Wu et al. (Wu et al., 2024) explored the use of waste
tyre pyrolysis oil as a fossil fuel substitute in diesel engines,
complemented by constant hydrogen injection via the air intake
manifold. Their findings underscore the viability of integrating
HHO gas with other alternative fuels to optimize engine
performance and emission profiles, thereby offering a multi-
faceted approach to addressing the challenges posed by
conventional diesel fuels. In the aviation sector, the role of
hydrogen—including HHO gas—as an alternative fuel has been
studied by Manigandan et al. (Manigandan et al., 2023). Their
analysis of hydrogen storage, adaptability to different fuels,
stability of combustion, and the decrease in emissions within gas
turbine engines highlights the revolutionary capability of hydrogen
and gases rich in hydrogen to fuel future aviation with a significantly
reduced environmental impact.

Collectively, these studies illustrate the diverse and innovative
strategies being pursued to enhance diesel engine efficiency and
reduce emissions. By integrating findings from research on biodiesel,
HHO gas enrichment, and other novel fuel additives, this body of
work contributes to the evolving narrative on sustainable energy
solutions for the automotive and aviation industries. These efforts
are critical in the transition towards cleaner, more renewable sources
of energy that can support global environmental goals and mitigate
the impact of climate change.

This research innovates by assessing engine performance
metrics including fuel efficiency per brake horsepower, thermal
efficiency under load, and temperature of exhaust gases through
experiments with five distinct fuels: standard diesel, two varieties of
biodiesel blends (B20 and B40) made from canola oil enhanced with
HHO (Hydroxy) gas. Additionally, the impact on emissions such as
carbon monoxide, carbon dioxide, and nitrogen oxides with the
integration of biodiesel and HHO gas was analyzed.

Materials and methods

In this study, biodiesel fuel was produced by canola oil. The
biodiesel was mixed with conventional low sulphur diesel fuel as
20% (B20) and 40% (B40), by volume. Moreover, during the
experimental diesel engine was fueled with HHO gas from intake
manifold. Table 1 thoroughly details the diesel engine’s technical
specifications employed in this research. The experimental setup is
depicted in Figure 1. The engine tests were conducted in triplicate,
and the mean values of the collected data were utilized.

In the research, hydraulic dynamometer was used to load the test
engine. Performance data of the engine was collected through the
software of the dynamometer. Before entering the mixing chamber,
the gas flow amount of HHO gas was detected with flowmeters. To
determine exhaust emissions, data was stored using custom MRU
software with an MRU Delta 1600 V gas analyzer connected to the
main computer.

In the research, the HHO (Hydroxy) system is described as the
process of electrolyzing distilled water using an electrolyte composed
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of substances with free ions to enhance electrical conductivity. The
acquisition of HHO involved procedures that encompassed the
electrolysis of water. The ion conductivity in this study was
supported by potassium hydroxide (KOH).

Production of canola biodiesel

The canola oil underwent a transesterification process, utilizing
CH3OH as reactant and KOH as catalysts, resulting in the
conversion of canola oil into canola biodiesel. This

manufacturing technique is a widely recognized procedure that
entails combining canola oil with an alcohol, usually methanol or
ethanol, under the influence of a catalyst such as sodium hydroxide
or potassium hydroxide. This chemical process converts the
triglycerides present in canola oil into biodiesel, which is
typically in the form of methyl or ethyl esters, along with
glycerol as a byproduct. The method of transesterification
includes blending canola oil with 15% methanol and 5%
potassium hydroxide, in terms of weight, at a temperature of
60°C for a duration of 75 min. After the transesterification
reaction completed, the resulting products (crude glycerine and
methyl ester) were placed in a separation funnel. The crude glycerine
located at the bottom due to the density difference was easily
separated from the crude methyl ester after a certain waiting
period around 8 hours. Following the division process, the raw
methyl ester underwent a triple wash until the rinse water
appeared transparent. Subsequently, it was subjected to drying at
110°C for 1 hour. Finally, the biodiesel underwent filtration to
eliminate minor contaminants.

Table 2 provides the essential parameters of canola biodiesel
(B20 and B40) and diesel, determined according to ASTM standards
(Thiruselvam et al., 2023).

Results and discussion

Brake specific fuel consumption (BSFC)

Figure 2 gives the brake specific fuel consumptions of tested
fuels. The high viscosity properties in canola biodiesel led to high
specific fuel consumption under all load conditions tested. With the
increment of engine load, BSFC decreased to overcome the engine

TABLE 1 Engine technical features.

Trademark Kirloskar oil engines

Model 240

Category Four-stroke, liquid-cooled”

Configuration Single cylinder

Combustion
chamber

Hemispherical Chamber Design in Direct Injection Systems
with an Open Configuration

Bore 87.5 cm

Stroke 110 mm

Power 3.5 kW @ 1500 rpm

Compression ratio 12:1

Injection timing 23o BTDC

Weight 160 kg

Ignition method Ignition by compression

FIGURE 1
Experimental layout.
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loads as a result of consumption of fuel increment (Qenawy et al.,
2024). The average BSFC rate of B20 and B40 is respectively 6.67%
and 12.1% higher than diesel fuel. This situation was also seen in
previous studies (Roy et al., 2013), (Raghavulu et al., 2020) where
canola biodiesel was added to diesel fuels. Previous studies (Öztürk
et al., 2020) have shown two main reasons for the increase in BSFC.
The first of these is that biodiesel has a low calorific value and
requires more fuel to obtain the same power as a fuel with a lower
heat capacity. The other is increased surface tension, density, and
viscosity, which requires more fuel injection by mass and causes an
increase in line pressure.

Introducing HHO gas to the intake air while running the engine
on canola biodiesel significantly reduced the BSFC) by 5.74% for
B20H and 4.43% for B40H, in comparison to their B20 and
B40 counterparts, respectively. This decrease in BSFC is
attributed to the enhanced mixture of air and HHO gas in the
cylinders, which leads to increased power output with reduced fuel
usage. The addition of HHO gas also enhances the speed of flame
propagation, contributing to better mix quality. This causes
temperature values to increase and combustion to improve, as
well as an increase in in-cylinder pressure values. Therefore, it is
stated that there is a decrease in BSFCs (Akcay et al., 2020).
Enhanced combustion within the cylinder enabled the high-
viscosity canola biodiesel blend to ignite more easily.
Nonetheless, with the introduction of enriched HHO, the
combustion chamber experiences a limitation in the high flow
rate due to the constrained compression ratio.

Brake thermal efficiency (BTE)

Figure 3 displays the outcomes for brake thermal efficiency of
the fuels under examination. The data reveal that adding HHO to
B20 increases the average BTE by 3.92%, and adding HHO to
B40 increases the average BTE by 3.97%. HHO gas provides
better combustion conditions under high engine speed conditions
with its high flame speed, wide ignition range, and short
extinguishing distance, preventing the disadvantageous
characteristics of biodiesels (Kenanoğlu et al., 2020), (Xia et al.,
2021). Compared to diesel fuel, B20 and B40 have averagely
decreased the values as 7.39% and 12.33%, respectively compared
to diesel fuel. It is stated that biodiesel has lower BTE due to its lower
heating value, lower cetane index, higher BSFC, and higher viscosity
which affects the atomization of fuel (Hasan and Rahman, 2017).

Exhaust gas temperature

Figure 4 displays the exhaust gas temperature measurements for
the fuels under examination. There’s a notable trend where the
temperature of the exhaust gas in the fuels tested rises with an
increase in load. This escalation in load leads to greater fuel usage,
which in turn elevates the temperature of both the engine and its
exhaust emissions (Varatharajan and Cheralathan, 2012). Although
the biodiesel decreases the values as 0.57% and 1.77% for B20 and
B40, respectively, due to its calorific values and improper fuel

TABLE 2 Tested fuel characteristics.

Properties Canola biodiesel (B20) Canola biodiesel (B40) Diesel Method

Density (g/cm3) 0.860 0.894 0.821 ASTM D4052

Kinematic Viscosity (mm2/s) 3.17 3.49 2.5 ASTM D455

Cetane Number 56.6 54.3 58.8 ASTM D976

Calorific Value (kJ/Kg) 43,070 41,900 44,350 ASTM D240

Flash Point (°C) 81 85 76 ASTM D93

FIGURE 2
Brake specific fuel consumption results.

FIGURE 3
Brake thermal efficiency results.
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mixture, adding HHO increased the exhaust temperatures as 0.33%
and 0.51%, respectively compared to B20 and B40 since HHO gas
adding a faster-burning component to the fuel, shortening the
combustion time and making the process more constant volume
(Cecrle et al., 2012); (Zhao B. et al., 2022).

Carbon monoxide emission (CO)

CO emission result values of the tested fuels are displayed in
Figure 5.When the engine load is moderate, CO emissions are lower.
In B20 and B20H, CO emissions were determined to be averagely
7.77% and 29.66% less than diesel, respectively. In B40 and B40H,
averagely, 15.21% and 35.43% less than diesel, respectively. It is
stated that this situation is caused by the formation of local areas
with excess oxygen in the fuel-air mixture during the combustion of
canola and HHO gas (Li et al., 2015). Also, the properties of
hydrogen, which included in HHO gas, such as high flame speed
resulted with more completed combustion (Thiruselvam et al.,
2023). Therefore, further decrement of CO emission was
achieved during the experiments. The higher calorific value and
zero carbon content of HHO gas essentially ensure the release of
lower harmful pollutant gases such as CO (Ijaz Malik et al., 2023).

Carbon dioxide emission (CO2)

The percentage values of CO2 emissions versus engine loads are
represented in Figure 6. With increasing engine load, the CO2

emission value of all fuel increases (Oguz et al., 2023). B20 and
B20H indicated an average of 2.94% and 9.08% lower CO2

emissions, respectively compared to diesel, and B40 showed an
average of 5.33% and 14.93% lower CO2 emissions compared to
diesel at all loads. Previous studies (Mahmudul et al., 2017); (Akar
et al., 2018) have shown that CO2 emissions decrease as the amount
of biodiesel added to diesel increases.

When HHO gas was introduced, B20H saw a reduction in CO2

emissions by an average of 6.33% compared to B20, and B40H
showed a decrease of 10.13% in CO2 emissions compared to B40.

This reduction in CO2 emissions with HHO gas supplementation is
credited to an enhanced hydrogen/carbon ratio, the lack of carbon
atoms in HHO, improved combustion efficiency, and reduced
combustion duration. Moreover, the decline is also due to the
diminished availability of carbon in the combustion process
when HHO is utilized (Tosun and Özcanlı, 2021).

Nitrogen oxide emission (NOx)

Figure 7 displays the measurement of NOx emissions of the
tested fuels. NOx emissions in compression ignition engines are
largely related to oxygen concentration, cylinder temperature, and
reaction residence time (Baltacioglu et al., 2014). As the engine load
increases and in parallel with the increase in exhaust gas
temperature, as shown in Figure 3, NOx emissions increase in all
tested fuels. B20 fuel indicated average 14.58% more emissions than
diesel fuel, and B40 fuel showed average 28.50% more emissions
than diesel, averagely. NOx emission largely depends on the in-
cylinder temperature, and it is stated that the oxygen atoms in the

FIGURE 4
Exhaust gas temperature results.

FIGURE 5
CO emission results.

FIGURE 6
CO2 emission results.
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chemical structure of biodiesel can create more complete
combustion, that is, increase the cylinder temperature (Özcanlı
et al., 2022).

In diesel engines powered by HHO, the combustion process is
characterized by a significantly higher peak pressure, which leads to
the formation of a notably slender flame reaction area and reduces
the duration of combustion. This phenomenon compresses the gases
that are burnt at the commencement of the combustion cycle to a
temperature that is higher than what they achieve right after the
combustion has occurred, consequently leading to the generation of
NOx (Kumar et al., 2015). HHO gas addition increased the NOx

values up to 49.80% compared to diesel fuel. Also, HHO gas resulted
with 22.06% and 16.58% higher NOx emissions when the engine
fueled with B20 and B40, respectively. Previous studies (Mirhashemi
and Sadrnia, 2020), (Agarwal et al., 2017) have shown that engines
running on hydrogen/HHO-enriched biodiesel emit higher NOx

levels than diesel fuel.

Conclusion

In this search, the outputs of HHO-enriched canola biodiesel
were examined in the way of performance and emission properties
of the diesel engine. The test engine was subjected to HHO induction
operation with canola biodiesel at flow rates. In order to achieve
optimum results in terms of performance and emissions, tests were
carried out with a diesel engine using 5 different fuels, in which
HHO flow rates were added to B20 and B40, as well as canola oil
biodiesel blends added at 20% and 40% by volume to pure diesel fuel.
The outcomes of the study are as follows.

• BSFC was increased by 6.67% and 12.1% with B20 and
B40 fuels. However, this increment was restricted with
HHO addition.

• Compared to diesel fuel, BTE decreased by an average of
7.39% and 12.33% with B20 and B40, respectively. While,
adding HHO was increased BTE as 3.92% and 3.97% when
added to B20 and B40 fuels, respectively.

• Exhaust gas temperature increased as the load enhanced.
Although the biodiesel decreased the values due to its

calorific values and improper fuel mixture, adding HHO
increased the end-exhaust temperatures since HHO gas
adding a faster-burning component to the fuel, shortening
the combustion time and making the process more
constant volume.

• The CO values decreased by an average of 7.77%, 15.21%,
29.66%, and 35.43% by using B20, B40, B20H, and B40H fuels,
respectively.

• The CO2 levels declined by an average of 2.94%, 5.33%, 9.08%,
and 14.93% decrement with B20, B40, B20H, and B40H fuels
with respect to diesel fuel.

• NOx emissions increased by an average of 14.58% and 28.50%
with the addition of B20 and B40, respectively. Compared to
diesel fuel, HHO addition with biodiesel fuel increased the
values up to 49.80%.

In future studies, various flow-rate of HHO gas and biodiesels
from other resources may be considered to be studied. Also, their
affect on other outputs such as combustion characteristic, noise,
vibration, etc. of the engine may be considered.
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