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gas in engines have been identified as system complexity, safety, cost, and electrolysis
efficiency. This article focuses on different performance reports and the emission
characteristics of a compression ignition engine. As opposed to general diesel, this
study found that using HHO gas improved brake power and torque. In all cases, an
increase in braking thermal efficiency can be observed. This was due to the presence
of hydrogen in HHO gas with higher calorific value than fossil fuels. At the same time,
the fuel consumption unit of the engine was reduced, and the combined impact of
hydrogen and oxygen helped to achieve complete combustion and improved the
combustion capacity of the fuel when HHO gas was injected. The addition of HHO gas
also improved the Brake Power (BP), Brake Torque (BT), Brake Specific Fuel
Consumption (BSFC), and thermal efficiency while simultaneously reducing CO and HC

Keywords: formation. The rise in CO, emissions represented the completion of combustion.
Electrolysis; Hydroxyl; Engine Therefore, the usage of HHO gas in the Compression Ignition (Cl) engine improved the
performance; Engine emission engine performance and exhaust emissions.

1. Introduction

The global demand for energy is very high in relation to the supply amount from traditional
sources, and the real crisis may occur due to the depletion of fossil fuels and climate changes affected
by combustion in engines, producing harmful gases such as Carbon Monoxide (CO), Carbon Dioxide
(CO,), Nitrogen Oxide (NOx), and Hydrocarbon (HC). Some of the ill effects of these pollutants are
global warming, acid rain, and various health issues [1]. Many researchers have conducted intensive
research on alternative fuels in the past few decades and led many studies conducive to improving
engines' economy and emission characteristics. Hydrogen is a new renewable energy source with a
calorific value of 120 MJ/kg. The energy value is much higher than gasoline, diesel, or CNG gas fuel
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[1,2]. The electrolysis process is one of the most basic methods to produce HHO gas composed of
hydrogen and oxygen [4]. The process is being driven by the movement of electrons, which
continuously circulate through an external circuit. They use a pair of wires to connect the electrodes
of the Volta battery to the other ends immersed in the salt solution. According to the conductivity of
water, hydrogen and oxygen have started to collect at the electrode's edge [5]. Since the reaction
generally occurs at constant pressure and temperature, the electronic movement transmits the
reaction (current). A practical solution for onboard hydrogen production avoids the storage of heavy
pressurized hydrogen tanks [6].

HHO gas is a colorless and odorless gas. Under atmospheric conditions, the expansion ratio of
liquid to gas is 1:848 [7]. Hydrogen consisting of HHO gas has a higher specific energy density. By
mass, it provides three times the energy of other fossil fuels, reflected in its lower calorific value [9].
In comparison to conventional fossil fuels (CNG, gasoline, and diesel) commonly used in the
transportation industry, HHO gas has particular physical and chemical characteristics, as seen in Table
1. Such fuels' engine performance in various engine modes is generally compared to HHO gas and
will be addressed in the testing process. One of the main benefits of using the HHO gas in engines is
that it has no carbon content. It also means that carbon-based emissions, primarily CO, CO,, and soot,
can be reduced, with NOx being the only harmful combustion byproduct.

Compared to conventional hydrocarbon fuels, hydrogen has a small quenching distance.
Therefore, there is a higher temperature gradient near the combustion chamber wall, resulting in
increased combustion heat loss [9]. When using HHO gas in PFl engine applications, the shorter
quenching distance and the high-level flame velocity in the air mean that the possibility of flame
flashback entering the intake manifold increases. A modification of the engine's geometry, a
reduction in the volume of the void, re-adjustable operating conditions, and total elimination of the
discharge or residual power of the ignition system will mitigate this issue [10].

Hydrogen's physical and thermochemical properties may aid in the development of an effective
internal combustion engine. When comparing their diffusion coefficients in air, for example,
hydrogen diffuses four times faster than CNG. This assists in mixing fuel and air in the ICE's cylinder.
Hydrogen displaces about 30% of the combustion chamber in stoichiometric condition, compared to
about 1% to 2% of gasoline [44]. The flammability limit of hydrogen in the air (4-76%) is large, and
the flame intensity is high, indicating that HHO gas will burn lean, increasing thermal efficiency [11].
The adiabatic flame temperature of hydrogen is comparatively high at the stoichiometric ratio, which
facilitates NOx formation [12].

Some benefits of the HHO gas economy include energy security by reducing the oil imports [14].
Furthermore, the HHO gas is a sustainable energy due to advantage of renewable energy sources. It
can also reduce pollution and improve urban air quality by producing near-zero carbon, hydrocarbon,
GHG, and NOx emissions. In short, the economic viability of HHO gas is potentially shaping the future
global markets.

Highly complicated systems and gas production are the biggest obstacles to apply HHO
technologies in the actual market. The HHO generation device takes up a lot of space because it needs
a power source (battery), an electrolyzer, a bubbler unit, a flash arrestor, and water and electrolyte
storage tanks. As a result, using HHO in cars necessitates significant changes to the current engine
system [44]. Currently, the efficiency of the HHO generation of electrolyzers is 40 to 70%. Increases
in current density, working pressure, temperature, the conductivity of the electrolyte solution,
electrode conditions, and other variables will all contribute to increased performance [48].

Safety issue also becomes the main challenge to fabricate the design. The high diffusivity, wide
flammability limits, poor combustion potential, and fast quenching period of hydrogen flames
increase the risk of explosion and flashback. In the event of a collision, the HHO gas contained on
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board could efficiently combust, and to protect against these dangers, sturdy storage containers,
flashback arresters, and leak detector sensors are needed [49]. In both cases, material science is
required to enhance properties and extend life spans. Furthermore, in the same system, hydrogen
production and CO; reaction can coincide [60].

The HHO gas has great potential to reduce fuel consumption without power loss and reduce
emissions in HC, CO, CO,, and particulate matter (PM) emissions. HHO gas production and the
comparison of a dry cell and wet cell to produce HHO gas used as duel fuel in internal combustion
engines have been explained in a previous work. This article focuses on different performance reports
and the emission characteristics of a compression ignition engine.

Table 1

Properties of hydrogen, Gasoline, Methane, and Diesel [2,3,5,12]

Fuel LHV HHV Combustible  Flame Min. Ignition  Autoignition  Stoichiometric
(MJ/Kg) (MJ/Kg) range (%) temp (C) energy (MJ) temp (C) Air/fuel. weight

Methane 50.0 55.5 5-15 1914 0.30 540-630 17.2

Hydrogen 1199 141.6 4-75 2207 0.017 585 34.3

Gasoline 44.5 47.3 1.3-7.1 2307 0.29 260-460 14.5

Diesel 42.5 44.8 0.6-5.5 2327 - 180-320 14.7

2. HHO Generator Configuration

HHO generators have several advantages compared to heat engines. These benefits include high
performance, near-silent running, and no pollutant emissions if hydrogen is used as fuel [14]. The
electrical power generated will be completely sustainable if hydrogen is created using renewable
energy sources. HHO generators are classified into two categories based on their system: dry cell and
wet cell [15]. The difference between the HHO dry cell and the HHO wet cell is that the wet cell has
the whole unitimmersed in water, while rubber gaskets isolate the dry cell plates, and the electrolyte
flows into them. The electrolyte does not include the plates or electrical contacts. Since they are kept
dry, they are referred as dry cells [13]. In the manufacturing of HHO gas, a combination of physical
and operational parameters are critical. These parameters will be addressed in detail in the parts that
follow. some of the most significant physical parameters for producing HHO gas are as follows

(a) Material of the electrodes

(b) Arrangement of plates

(c) Number of electrodes and neutral plate

(d) The gap between the electrodes

(e) Cross-section area

(f) Type of electrolyte

(g) Amount of electrolyte

2.1 Types of Material for Electrode Configuration

Generally, any conductive material can be used as an electrode. Only a particular electrode is
efficient for the electrolysis process to get a better HHO production. Stainless steel is used as an
electrode for the researcher in the study, and it is suitable for this use. Therefore, it has a longer
lifespan than iron plates and does not form precipitates because no reaction occurs during
electrolysis, so no significant chemical reactions occur. Iron is the most abundant and cheapest
conductive metal in various shapes and sizes in the market. However, iron plates reduce the
generator's life because iron oxidizes in electrolyte, and rust particles are precipitated and
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contaminate the solution in the HHO cell generator. In addition, among the materials mentioned
earlier, copper is highly conductive and corrosive. If copper is used, H.SO4 should be used as the
electrolyte. The electrolyte will be in copper sulfate and may cause blockage of the generator piping
system.

Table 2
Types and characteristics of materials [14,16,18,22,36]
No. Types of Characteristics
Materials
1 Iron e  Most in market, the cheapest, and conductive metal.
e Various sizes and shapes available in the market.
e Decreases the life of a cell.
e |lon oxidizes in water.
e  Rust will precipitate in cell and will contaminate the electrolytic solution.
2 Stainless e High resistance to corrosion.
Steel e  Very conductive metal.
e  More life than iron plate.
e Cheaper than graphite.
e Do not precipitate because the ion does not react while the electrolysis is occurring.
3 Graphite e  Most conductive material.

e |Inert.
e Very expensive.
e Do not react as much as steel.
4 Copper e Highly conductive material.
e Very corrosive material.
e It can be used as an electrode but requires H,SO, (sulfuric acid) as electrolyte.
e  Copper will react and form copper sulphate precipitated.
e |t will block the pipes.

2.2 Effects of Electrode Configuration on the Production

Table 3 and Table 4 demonstrate how to configure the plates and optimize the electrolyte
concentration for the best HHO gas output. As seen in Table 3, the Cathode plate, Anode plate, and
Neutral plate are designated as C, A, and N, respectively. As the electrolyte concentration increases,
the amount of HHO produced increases. Hence, this results in the increase of conductivity and
decrease in resistance [21]. The rise in HHO gas production is perpendicular to the concentration of
the electrolyte. The effective area for the electrolysis process will increase as the number of
electrodes increases, accompanied by reaction activity and increasing current density, which will
enhance electron transfer between the electrodes, resulting in high water dissociation and improved
conductivity. The reviews by Essuman et al., [51] found that increasing the number of neutral plates
between the cathode and anode will reduce the system potential. As the neutral plate between the
anode and cathode increases, the potential between the stacks decreases [17]. As a result, the
potential drop leads to increased temperature, which increases ion mobility, effectively collides, and
causes a significant increase in HHO gas production [19].
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Table 3
Electrodes arrangement
Design Arrangement Number of Number of Number of

Anode Cathode Neutral Plates

IIIII' 3A3C 3 3 0
I

LI 3A3C2N 3 3 2
LU L] e 1 2 g
NN - 7~ 7 7 0
- e 7 2
I 7o 7 :
I I 5A5C10N 5 5 10

I I 5A6C10N 5 6 10
T .
"Il | I" 3A4C19N 3 4 1o

Red = Cathode, Black = Anode, Grey = Neutral plate

Table 4
Effect of Concentration on HHO gas production [21]
No. Configuration Current, A Number of plate Volume flowrate NaOH Concentration
ml/min (%)
1 5C5A10N 28 20 510 5
2 4C3A19N 7 26 615 5
3 3C3A 9 6 110 10
4 7C7A 25 14 264 10
5 6C5A10N 30 21 767 10
6 4C3A19N 10 26 675 10
7 10C10A5N 48 25 1025 10
8 4C3A19N 15 26 743 15
9 3C3A2N 12 8 155 20
10 2C1A8N 18 11 230 20
12 7C7A2N 23 16 295 20
13 7C7A4N 32 18 490 20
14 6C5A10N 34 21 820 20
15 10C10A5N 60 25 1250 20

2.3 Spacing between the Electrodes

Table 5 indicates that the rate of HHO gas production increases as the electrode gap decreases.
HHO performance is influenced by the distance between the anode and the cathode. The resistance
is directly proportional to the distance between the electrodes, and the resistance can be minimized
by shortening the distance. Therefore, reducing the distance between the electrodes will reduce the
resistance, and a minimum distance must be maintained to prevent the gap from rupturing [44].
Meanwhile, according to Nabil and Dawood [37], rubber under pressure has a thickness tolerance of
2 mm. A final thickness of 2 mm is appropriate to reach the current tolerance and provide enough
room for HHO gas to escape freely in the desired direction. Ismail et al., [26] discovers that the
operating current in the HHO generator is significantly smaller than predicted. Because of the high
resistance of water, adjusting the electrode spacing is preferred. A generator with a distance of 1.5
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mm between each plate has a working current of 6 mm, twice the current. Current of 2mm is
preferable. The gap would decrease the resistance. However, the distance should not be smaller than
2mm, since the HHO bubbles would not pass across it.

Table 5

Effect of Cross Section Area and Spacing between Electrodes on HHO gas production
[21,44]

Number of Number of Gap Size of Plate, Current, Amp  Flowrate,
Plates Stacks mm? ml/min
11 2 4 120 x 160 6 320

13 2 4 140 x 100 11 513

13 2 2 120x 120 9 470

25 4 2 120 x 120 18 550

14 3 2.5 180 x 120 15 650

14 3 5 180 x 120 12 440

2.4 Effects of Cross Section Area on HHO Gas Production

The generation rate of HHO gas improves by increasing the cross-sectional area of the plate, as
seen in Table 5. The reason for this is that the electrode's greater surface area decreases resistance.
The electrode diameter increases rather than the height since the latter raises the chance of void
fracture [44]. The intensity of current propagated per unit cross-sectional area, measured in amperes
per square meter, is known as current density [27]. The higher the current density, the more gas is
created. As temperature rises, so does ion mobility and the effective number of collisions. The
geometry of the electrode surface can be modified to adjust the expected field of the electrode. The
movement of ions in the electrolyte solution is responsible for the production of HHO gas. The
electrode's shape will amend the effective area or surface, increasing gas production efficiency [5].
In addition, hydrogen and oxygen need to be formed on the effective surface of the electrode. As a
result, a large amount of gas accumulation caused by the active electrode surface is produced [51].
Finally, when the active electrode is placed in a vertical position, the efficiency of gas generation will
also be high due to the decrease in ohmic resistance caused by the "optimal bubble leaving rate"
[53]. The perforated electrode with a particular porosity significantly impacts the generator's
overvoltage and bubble separation frequency.

2.5 Effects of Electrolyte on the HHO Gas Production

The electrolytic solution is the solution that induces conduction. There should be solvents and
solutes to form a solution. Since hydrogen needs to be extracted from water, water is used as solvent.
Impurities in ordinary water can limit effectiveness, so deionized or distilled water should be used.
Some salt, anything that can carry free electrons into the water, can be used as solute. Selecting
solute chemicals should be done with caution since it can significantly impact the HHO generator's
performance and safety.

The variation of the electrolyte is shown in Table 6, and it can be verified that the higher the alkali
concentration, the greater the amount of hydrogen produced. In addition, it increases the
conductivity and reaction rate of water dissociation compared to the electrolyte in pure water. The
electrode ions of hydrogen have a higher potential than Na + cations. Hydroxides compete for
electrons (oxidation) with anion electrolyte during the electrolysis process [20]. Anions have a lower
potential electrode compared to hydroxide ions.
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For example, an increase in NaOH concentration induces an increase in HHO gas due to more OH
and Na +ions and increased conductivity [23]. Tap water decreases current use and HHO flow due to
the rise in resistance [21]. According to El Kady et al., [21], increased KOH concentration induces
conductivity to increase, resistance to decrease, and HHO flow to increase. Porciuncula et al., [52]
compares results from KOH and NaOH solutions and discovers that the chemical reaction moves
faster in the presence of KOH. This could mean that each base's catalytic mechanism is slightly
different, but this is reinforced by the fact that the activation energy of each experiment is higher in
the presence of KOH. As a result, corrosion activation energy is proportional to the current transfer
density. Corrosion reactions are less likely to occur when the activation energy is more remarkable.

Table 6

Effects of electrolyte types on HHO production [21,25,42]

Number of Plates Configuration Electrolyte Amperage, A Flowrate, ml/min
20 8A8C4N Tap water 10 180

20 10A10C Tap water 13 150

20 8A8C4N 1 g NaOH 12 219

20 10A10C 1 g NaOH 18 190

20 8A8C4AN 1 g KOH 16 230

20 10A10C 1 g KOH 20 255

2.6 Dry cell and Wet cell

According to previous researches, the comparison of dry and wet cells of HHO generators can be
summarized as follows [10]

Table 7

Differences between dry cell and wet cell

Dry Cell Wet Cell

Require less electrolytes Require more electrolytes

Light Heavy

Less space consumption More space consumption

The electrical connection is safe because The electrical connection is easy to destroy
the wire does not have contact with the because it is immersed in the electrolyte
electrolyte

Plate material has extended lifetime Plate material has shorter lifetime

Wet cell and dry cell HHO generators are two different HHO generators that can produce HHO
gas. The electrodes in a wet cell are immersed in the electrolyte and located in a water container.
Wet cells have a range of benefits, including increased gas generation, increased flexibility, ease of
maintenance, and ease of manufacturing. On the other hand, a wet cell has the limitation of
consuming more current, generating more heat, and allowing corrosion to occur through the positive
electrode (anode) [37]. The heat provided by the cell and the additional current still generates more
heat, turning water to steam, and replacing hydrogen with steam [30].

The design of dry cell overcomes the factors faced by wet cell. As a result, the two types of HHO
gas are the same, but the difference depends on the displacement of the electrolyte cell and the
electrode plate. Dry HHO batteries have many advantages. For example, each HHO cell requires less
current due to the size of the electrolyte in the enclosed room. Its compact design is beneficial to
modern engines and reduces the frequency of maintenance. Due to the limited amount of electrolyte
per second, there is less corrosion on the anode plate [38].
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3. Results
3.1 Engine Performance with HHO Gas

The performances of HHO gas depend on brake power, brake torque, brake specific fuel
consumption, and brake thermal efficiency, which are discussed as a subchapter below. The overall
engine performance is summarized in Table 8.

Table 8
Performances of Hydroxyl gas for ICE
Engine  Brake Power Brake Torque Brake Specific fuel Brake Thermal Ref
Type (kw) (Nm) consumption Efficiency (%)
(Kg/KWhr)
cl - INCREASE DECREASE - Yilmaz et al.,
[12]
Cl INCREASE - DECREASE INCREASE Bari and
Esmaeil [22]
Cl INCREASE INCREASE DECREASE - Samuel and
McCormick [42]
Cl INCREASE - DECREASE DECREASE Birtas and
Chiriac [23]
Cl - INCREASE DECREASE INCREASE Shasikant et al., [45]
Cl INCREASE INCREASE DECREASE INCREASE Arat et al., [46]
Cl INCREASE INCREASE DECREASE INCREASE Durairaja et al., [26]
Cl INCREASE - DECREASE - Masjuki et al., [35]
Cl INCREASE INCREASE DECREASE - Baltacioglu
etal., [4]
Cl INCREASE - - INCREASE Karagoz et al., [28]
Cl - INCREASE DECREASE INCREASE El-Kassaby et al., [27]
Cl INCREASE INCREASE DECREASE INCREASE Ozcanliet al., [47]
Cl INCREASE - - INCREASE Saravanan et al., [9]
Cl INCREASE DECREASE DECREASE - Rimkus et al.,
(41]
Cl - INCREASE DECREASE INCREASE Kale and Dahake
(31]
Cl INCREASE INCREASE DECREASE INCREASE Ozgur et al., [39]
Cl INCREASE - DECREASE - Zammit et al., [50]
Cl - INCREASE DECREASE INCREASE Arat et al., [46]
cl INCREASE INCREASE DECREASE - Kale and Dahake
(31]

3.1.1 Brake Power (BP)

Brake power is the power generated by the engine on the output shaft. The piston connecting
rod and the crank will transfer the specified power produced in the internal combustion engine's
cylinder. As a result of friction between the engine's moving parts, some of the indicated power
produced within the cylinder will be lost. The difference between the indicated power generated in
the engine cylinder and the energy lost due to friction would be proportional to the net power
available at the crankshaft. The greater the braking load on the dynamometer, the greater the torque
produced [1]. Table 8 shows that the brake power increases when HHO gas is introduced in the
combustion chamber. The improvement in brake power happens because when a mixture of
oxyhydrogen gas and diesel is burned, more energy is emitted than when only diesel is burned [45].
Since hydrogen has a high calorific value, it can aid in pure combustion of fuel, resulting in cleaner
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combustion [49]. Because of the high oxidation heat of hydrogen, the increase in braking efficiency
in the presence of HHO is attributed to improved combustion [35]. Apart from that, Shitole et al., [55]
reported that using HHO gas enriched diesel fuel in an internal combustion engine improves engine
efficiency by 6% and increases indicated power by 6% over baseline diesel fuel.

3.1.2 Brake Torque (BT)

Table 8 demonstrates how the brake torque output has improved over time. Torque is a measure
of the working ability of an engine to overcome obstacles or increase engine speed [1]. The rise in
strength induced by the addition of HHO gas is due to the oxygen concentration of HHO gas and
better mixing of HHO with air and fuel, resulting in improved combustion [12]. Compared to
traditional liquid fuels, hydrogen has a higher heating value and flame velocity [5]. On the other hand,
the high-level HO gas flame speed reduces the ignition delay. It shortens the combustion time,
thereby reducing the heat loss closer to the ideal constant volume combustion and improving the
compression ratio and thermal efficiency. According to Sudarmanta et al., [1], the braking torque
increases as the engine speed increases until it reaches 3000-3500 rpm, and tends to decrease as
the engine speed increases. This is due to the turbulence generated in the combustion chamber,
which becomes higher as the engine speed increases, thereby enhancing the mixing of air and fuel
and the spread of fire. HHO has a high flame speed and a wide range of flammability, which helps to
burn energy faster and more entirely under constant speed condition [6].

3.1.3 Brake Specific Fuel Consumption (BSFC)

Brake specific fuel consumption (BSFC) is a measure that compares ICE efficiency with shaft
output. The BSFC of hydrogen-rich fuel is smaller than pure diesel. The definition of BSFC is
unambiguous; that is, the equivalent fuel energy required to generate braking power for all fuel BSFCs
initially decreases with the injection pressure and increases with the injection pressure. BSFC can be
enhanced by increasing fuel usage or reducing engine performance [9]. The changes in BSFC
performance are shown in Table 8. This table shows that when the hydroxyl gas is enriched, the
specific fuel consumption decreases. The reduction of BSFC is attributed to the homogeneous mixing
of HHO gas with air (high diffusivity of oxygen) and oxygen. HHO gas assists diesel fuel in the
combustion process and produces better combustion [40]. HHO is proficient in fuel design; hydrogen
and its oxygen exist in small groups, close to two particles in each combustible unit. In addition, the
gas is composed of a large number of broad hydrocarbon atoms. The diatomic design of HHO gas (H,,
0,) can be fully combusted. The reason is that hydrogen and oxygen particles react quickly without
initial diffusion delay because of the response surface propagation time. In the beginning, its fire
front flashes through the combustion chamber at a higher speed than the standard gas/air ignition
[18]. With the additional fuel drawn in the engine, less diesel fuel is injected, and the heat released
during the mixing control phase is also reduced [23].

3.1.4 Break Thermal Efficiency (BTE)

The ratio of usable power available on the engine crankshaft to the input energy given to the
engine in the form of chemical energy available in the fuel is known as BTE [10]. The improvements
in braking thermal efficiency after applying the HHO mixture are as seen in Table 8. From the figure,
regardless of the load level, the intake percentage of the HHO mixture increases because the flame
speed of hydrogen is nine times faster than diesel, thus, the thermal efficiency of the engine's rupture
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improves [22]. As a result, burning diesel in the presence of hydrogen produces complete and rapid
combustion [34]. Thus, the peak pressure becomes tremendous, closer to the TDC, and the sufficient
pressure increases.

High heating value of hydrogen contained in the gas mixture, high flame velocity, and atomic
hydrogen and oxygen are all factors that contribute to the increased efficiency. The improved mixing
of hydroxyl gas with air, which leads to better combustion, is responsible for higher thermal efficiency
[7]. But Birtas and Chiriac [23] puts forward a different conclusion, that is, the performance of BTE
decreases due to the decrease of brake mean effective pressure (BMEP). Another reason for reducing
thermal braking efficiency may be improper combustion caused by early injection timing [8]. Hence,
this will potentially improve the BTE.

3.2 Engine Emission with HHO Gas

The measured HHO gas emissions depend on CO, CO;, HC, and NOxas described in the following
subsections, while the summary of emission results is tabulated in Table 9.

Table 9

Emission of hydroxyl gas for ICE

Engine Type CO CO, HC NOx Smoke Ref

Cl DECREASE - DECREASE - - Yilmaz et al.,
[12]

Cl DECREASE INCREASE DECREASE INCREASE - Ismail et al.,
(18]

Cl DECREASE DECREASE INCREASE INCREASE INCREASE Samuel and
McCormick
[42]

Cl DECREASE INCREASE - INCREASE DECREASE Birtas And
Chiriac [23]

Cl DECREASE INCREASE DECREASE DECREASE - Le Anh et al,
(56]

Cl DECREASE - DECREASE INCREASE - Masjuki et al.,
(35]

Cl DECREASE INCREASE DECREASE INCREASE - Baltacioglu
etal., [4]

Cl DECREASE INCREASE DECREASE - DECREASE Karagoz et
al., [32]

Cl DECREASE INCREASE DECREASE INCREASE - Aydin and
Kenanoglu [3]

Cl DECREASE - DECREASE - - Yilmaz et al.,,
[12]

Cl DECREASE - DECREASE - - Nabil and
Dawood [37]

Cl DECREASE INCREASE - INCREASE - Aratetal.,
[46]

Cl DECREASE - DECREASE INCREASE DECREASE Kale and
Dahake [31]

Cl DECREASE - DECREASE INCREASE DECREASE Bari and
Esmaeil [24]

Cl DECREASE INCREASE DECREASE INCREASE - Zammit et al.,
(50]

Cl - - DECREASE INCREASE DECREASE Saravanan et
al., [9]

10
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3.2.1 Carbon monoxide (CO)

Carbon monoxide emissions are affected by engine combustion efficiency and air-fuel ratio.
Therefore, as shown in Table 9, the use of HHO gas with internal oxygen content can enrich the
engine's combustion process and reduce the percentage of CO in the exhaust gas. It can be explained
by lower carbon ratios and higher O, concentrations in HHO gas [36]. Oxygen aids carbon oxidation
and raises the mixture's concentrations in biodiesel [38,47]. The diatomic and molecular bonds in the
atomic structure of HHO gas, along with a quick start time and no ignition propagation delay due to
reaction surface travel time, ensure maximum and efficient fuel combustion and lower emission
percentages [39]. The lack of carbon in hydrogen fuel and the lean mixture (high air-fuel ratio)
account for this [29]. Thus, the CO emissions have the potential to reduce the emission when
introducing to HHO gas.

3.2.2 Carbon dioxide (CO;)

The variation of the CO, increases compared to diesel engines in Table 9. As expected, a decrease
in HC oxidation results in increased CO, emissions [50]. CO2 emissions are rising because hydrogen
has higher diffusing property. Because of its high flame velocity, OEH-HHO gas makes the fuel mixture
more homogeneous, resulting in more CO, emission when combustion starts to initiate.
Furthermore, it depends on the increase of H/C rate in total fuel with hydrogen addition, the
combustion duration is shortened, and the combustion efficiency is improved [54]. Rajaram et al.,
[10] study the effects of adding oxygen-enriched HHO gas to direct injection diesel engines' efficiency,
emissions, and combustion characteristics. The CO, emissions are higher if combustion is successful.
Higher combustion efficiency is obtained due to the catalytic activity of HHO gas on combustion that
increases CO, emissions. On the other hand, high concentrations of oxygen and hydrogen in HHO gas
boost the combustion process, which is thought to be the primary factor for the decrease of CO,
emissions due to HHO addition [42]. Therefore, substituting or adding the HHO into the ICE will
significantly improve combustion, which results in a complete combustion.

3.2.3 Hydrocarbon

The formation of HC emissions is potentially reduced as the concentration of HHO gas increases
with the compression ratio, as shown in Table 9. In both operational modes, the HC level in the
combustion products is lower when the engine runs on HHO petrol than when it runs on diesel fuel.
Since the oxygen content in the medium is higher, the hydroxyl gas's hydrocarbons have a more
significant combustion effect [5]. The lack of carbon in hydrogen fuel and improved combustion of
diesel fuel with the aid of hydrogen, with a faster flame speed, has resulted in a decrease in HC
emissions [19]. According to Nabil and Dawood [38], the HC decreases as the engine speed increases.
The engines with integrated HHO gas with air and fuel mixture also have lower HC concentrations
than standard engines. Since oxygen is already present in a sensible proportion in HHO gas, HC is also
reduced due to increased fuel oxidation, resulting in shorter quenching distances, a wide range of
flammability, and high combustion efficiency. Due to the above reasons, the HC emissions tend to be
reduced once the HHO is added to the ICE, especially diesel engines.
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3.2.4 Nitrogen oxide (NOx)

NOx is generated during the combustion process due to three factors: high temperature, oxygen
concentration, and residence time. If these three factors are present in the combustion chamber, the
deposition of NOx is increased [4]. The gas pressure in the cylinder will rise as the compression ratio
rises. The temperature increases as a result. As HHO is integrated into the fuel supply system, NOx
emissions increase. It is discovered that enriching HHO gas, which has a higher calorific value than
diesel, produces a rise in temperature in the combustion chamber, increasing NOx emission [31]. A
more effective combustion mechanism (catalyzed by hydrogen) should also be used to reduce the
concentration of nitrogen oxides to reduce the free oxygen content in the combustible mixture [47].
However, due to high hydrogen concentration in the combustible mixture, the increase in NOx
concentration with HHO gas is only observed under low load conditions [42]. It is commonly observed
that the increase in temperature will slightly increase the NOx emissions.

3.2.5 Smoke

The opacity of the smoke significantly decreases as HHO gas is added into the combustion
process. Insufficient combustion of the fuel-air mixture causes smoke to be emitted from the engine.
As it is introduced into the combustion process, the flue gas can be greatly reduced. Carbonaceous
materials formed by combustion make up diesel engine particles, and they absorb certain organic
compounds. Most particles are caused by incomplete combustion of hydrocarbon fuels, with
lubricating oil playing a minor role. Since hydrogen has no carbon, it emits less particulate matter
[43]. Due to the low adiabatic temperature in the combustion chamber with low hydrogen
concentration, the increase of flue gas during the combustion phase is regular. At such a low
hydrogen fuel content, the fuel mixture product's local temperature decides how much the
hydrogen-air mixture burns [10].

4. Conclusion

Latterly, the properties and applications of HHO gas have been discussed, emphasizing its
potential as a viable and sustainable alternative fuel. Electrolysis produces HHO gas at various rates
depending on various variables, including electrode material, geometric parameters, type of
electrolyte, the concentration of electrolyte, and volume of current transferred. In conclusion, due
to the nature of hydrogen in the HHO gas, the enrichment of the HHO gas in the internal combustion
engine leads to an increase in the engine's braking torque and braking power. A rise in brake thermal
efficiency can be seen in many of these situations. The existence of hydrogen in HHO gas, which has
a significantly higher heating capacity than fossil fuels, describes this. The fuel consumption per unit
of the engine is net reduced. When HHO gas is added, the fuel's burning power increases significantly.
This is attributed to the fact that the combined effects of hydrogen and oxygen assist in complete
combustion. However, emission characteristics have been improved, resulting in lower HC and CO
emissions. The HHO gas's higher oxygen capacity would enhance combustion efficiency, resulting in
higher NOx emissions.
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