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emission of greenhouse gases. Utilising oxyhydrogen (HHO) gas has been proven to
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achieve high engine power output and efficiency with low emissions for spark-ignited
internal combustion engines. HHO gas is generated from the electrolysis of water. This
paper reviews the recent research findings related to the influencing factors on the
production of HHO gas using alkaline water electrolysis involving electrolyte properties,
electrolyte concentration, the distance between electrolytes, and the effects of HHO gas
Keywords: on the engine performance and gas emissions. Using an HHO gas blend in a
HHO gas; alkaline water electrolysis; diesel/gasoline engine could be a viable option for lowering GHG emissions and
internal combustion engine; emissions  increasing engine efficiency.

1. Introduction

Energy consumption per capita is inversely proportional to living standards [1]. Qil, coal, and
natural gas-based conventional energy sources have shown to be highly successful driven by
economic advancement while also causing negative impacts on the environment and human health
[2]. The rapid increase in energy use has prompted concerns, particularly in recent decades, as it
threatens to deplete the world's petroleum supplies and other resources. The widespread usage of
fossil fuels has wreaked havoc on the ecosystem in a variety of ways. Fossil fuels account for over
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90% of human energy usage [3-6]. Due to industrialization and population growth, the standard
technologies used heavily depend on irreplaceable natural resources [3].

Many researchers have recently concentrated on developing renewable energies such as
oxygenated fuels, biofuel (n-butanol), fuel cells and solar technology, on reducing the consumption
of fossil fuels and controlling the emission of greenhouse gases (GHGs) into the atmosphere [7-10].
Additionally, pollution in the transportation industry is a source of worry. One of the most effective
ways to limit GHG emissions is to reduce CO2 emissions by reducing fossil fuel consumption in the
transportation sector [5-6, 11-12]. CO2 is directly related to the fuel's carbon content and the fuel
consumption amount [12]. Other than CO2, the production and combustion of transportation fuels
emit methane (CH4) and nitrous oxide (N20), which contribute to GHG emissions [3]. Diesel engines
are one of the most significant contributors to environmental pollution caused by exhaust emissions
and a source of various health issues. Lin et al., [13] investigated the correlation between black smoke
and nitrogen oxide emissions through field testing of in-use diesel vehicles. They observed that the
indices of black smoke reflectivity and nitrogen oxides emitted were higher when diesel vehicles were
operated at low engine speed and full engine load. Thus, better automotive engines with post-
combustion emission control devices should be developed to reduce GHGs emissions and improve
the efficiency of energy systems [14-17].

The use of biodiesel engines in transportation and power generation has progressed rapidly in
recent decades. However, the combustion of biodiesels in the engine would produce higher NOx,
leading to poor combustion performance [11]. Thus, replacing biodiesels with oxyhydrogen (HHO)
gas to fuel internal combustion engines (ICE) is gaining more attention to enhance the performance
of the engine speed [18-19] and reduce the level of air pollution [20-22]. Kazim et al., [23] studied
the effect of HHO gas in a small-capacity diesel engine. They concluded that adding HHO and diesel
in a small capacity diesel engine significantly improved all engine performance factors. The minimum
percentage increases in the combustion efficiency were 2.5% and 10.5% for H6 and H10, while the
minimum increases in torque were 8% and 15%, respectively. HHO gas was also used as a
supplementary fuel in the internal combustion engine without any modification [21]. HHO does not
have a predefined burning temperature where it reacts to the substances when burned [24]. HHO
would begin imploding rather than exploding since it mainly contains hydrogen (66.67%) and oxygen
(33.33%). Furthermore, when HHO is combined with diesel or gasoline, it can significantly improve
the burning efficiency. The flame propagation of HHO gas is faster than that of standard liquid fuel
because hydrogen possesses a fast-burning velocity [25].

The current effort aims to review the effect of HHO gas on the engine performance and gas
emissions of a diesel/gasoline engine. The primary focuses of this paper were concentrated on the
previous works related to the production of HHO gas using the water electrolysis process and their
effect on the engine performance and gas emission in diesel/gasoline engines in recent years. Then,
the possible future research direction of HHO gas as the alternative fuel in internal combustion
engines is emphasized.

2. Water Electrolysis Process

The HHO gas, also known as Brown's Gas, is a gas that results from water electrolysis. Water
electrolysis is the process of breaking down water molecules (H20) into hydrogen (H2) and oxygen
(02) using energy from an electric current passing through the water [26-28]. Direct production of
HHO gas is straightforward using the existing power in the vehicle (i.e., battery) [29]. Two water
molecules react by capturing two electrons at the cathode, then reduced to H2 gas and hydroxide
ions (OH-). Meanwhile, two more water molecules decompose into gaseous oxygen at the anode,
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releasing 4 H+ ions and conducting electrons to the cathode. Then, both H+ and OH- ions undergo
neutralisation so that some water molecules are reformed. Water electrolysis is usually governed by
several factors: electrolyte quality, temperature, pressure, electrolyte resistance, electrode material,
and separator material [30-34].

Furthermore, electrolyte usage influences the rate of chemical reactions that support
decomposing water into hydrogen and oxygen since electrolyte ions can affect the stability of water
molecules into H+ and OH- ions, facilitating the electrolysis process [27]. When dissolved in a polar
solvent, an electrolyte generates an electrically conductive solution. As a result, cations and anions
are separated from the dissolved electrolyte and evenly disseminated throughout the solvent.
Cations are attracted to electrodes with many electrons, while anions are attracted to electrodes
with deficient electrons (Table 1).

This reaction produces HHO gas, which forms gas bubbles near the electrode that can be
collected. This approach is then used to produce hydrogen for use as hydrogen car fuel. H20 can also
be split into diatomic molecules of hydrogen and oxygen using battery power, as shown in Figure 1
[35].

Table 1
Electrolysis of water produces gaseous products [35]
Electrolyte Electrode Reaction
Acidic electrolyte ~ at the anode: H20 = % Oz + 2H* + 2e”
~ at the cathode: 2H*+2e" > H2
Total H20 - H2+ % 02
Free-acidic electrolyte ~ at the cathode: 2H20 +2e” > H2 + 2H”
~ at the anode: 20H™ - % 02+ H20 + 2e”
Total H20 > H2+ 7% 02

2H: O =209 +4Hag +4 e

\- Oa H> 2H,OM+2e =2 H:@+ 2 OH (ag)

— Battery

e — +

. :
J]

Fig. 1. A schematic diagram of water electrolysis [35]
There are three methods of water electrolysis for producing HHO gas: alkaline, proton exchange

membrane (PEM), and solid oxide electrolyzers (SOE). Table 2 tabulates the various characteristics
and different stages of development for alkaline, PEM, and SOE electrolyzers. In terms of efficiency,
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SOE is known as the best electrolyzer. In comparison, efficiencies of around 98% have been proved
for SOE operating at 650 °C [41-42]. At the same time, alkaline water electrolyzers have efficiencies
exceeding 80% and PEM around 83.4%. They are, however, they are the least developed among the
others (alkaline and PEM electrolyzers) [43]. They also encounter durability issues as a result of the
severe conditions [44]. In terms of efficiency, PEM electrolyzers performed better than alkaline
electrolyzers however, PEM is more expensive than alkaline electrolyzers [43,45]. The alkaline
electrolyzers is being the most economic option because of their relatively cheaper materials and low
production cost [46].

Table 2

Specifications of alkaline, PEM and SOE electrolyzers [36-38]

Specification Alkaline PEM SOE

Technology maturity Widespread Commercialization Research &
commercialization Development

Cell temperature (°C) 60-80 50-80 900-1000

Cell pressure (bar) <30 <30 <30

Current density (A/cm?) <0.45 1.0-2.0° 0.3-1.0

Cell voltage (V) 1.8-2.4 1.8-2.2 0.95-1.3

Voltage efficiency (%) 62-82 67-82 81-86

Specific energy consumption (kWh/Nm3)®  4.2-4.8 4.4-5.0 2.5-3.5

Minimum partial load (%) 10-40 0-10° -

Cell area (m?) 3-3.6 <0.13 <0.06

Hydrogen production per stack (Nm3/h) ¢ <1400 <400 <10

Stack lifetime (kh) 55-120 60-100 8-20°¢

System lifetime (year) 20-30 10-20 -

Hydrogen purity (%) >99.8 99.999 -

Cold start-up time (min) 15 <15 > 60

Investment costs (€/kW) 800-1500 1400-2100 > 2000 ©

2 Typical commercial value, although laboratory experiments with a current density up to 20 A/cm2 are reported [39].
b Excluding rectifier and utilities (0.4-0.8 kWh/Nm3).

¢Vendors do not report a technical limit but it is known that there is gas contamination at high pressures and low
current density that prevent reaching values ?? close to 0 [40].

4 According to a recent market survey.

¢ High uncertainty due to pre-commercial status of SOE.

3. HHO Gas Generator Design
3.1 Wet Cell Type

The wet cell type has a positive and negative electrode plate immersed in an electrolyte solution
made up of water and a catalyst [47] as shown in Figure 2. In the wet-cell type, all the electrode areas
of the plate are immersed in water for the electrolysis process to produce HHO gas. Using an
electronic control unit, Yilmaz et al., [48] evaluated the rate of hydroxy gas production in wet cells
with different electrolyte solutions of potassium hydroxide (KOH), sodium chloride (NaCl), and
sodium hydroxide (NaOH). These wet cells have both advantages and disadvantages. The advantages
of the HHO gas generator wet cell types are that gas production is more plentiful and stable; second,
generator maintenance is more manageable; and third, HHO simplifies generator design. The
disadvantages of using wet cells are more heat generation by the cell and a higher current (ampere)
is required. Due to the larger plate exposed surface to the electrolyte, the wet fuel cell causes higher
electrode corrosion than the dry fuel cell. The catalyst was added to the water solution as a powder
and dissolved [49]. Recently, Soly et al., [50] performed a study to investigate the HHO production
rate using dry and wet cells. They used different plates configuration to make a comparison between
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dry and wet cells. For the same design parameters, wet cells produce more HHO gas than dry cells
because all electrodes are immersed in the electrolyte solution. The active surface area of the
electrodes is enhanced. Dry cells generate less heat, have fewer electrodes that corrode, and take up
less space than wet cells.

IR L
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Fig. 2. Wet cell type [47]

3.2 Dry Cell Type

A dry cell HHO gas generator is where most of the electrodes are not embedded in the electrolyte.
The electrolyte only fills the gap between the electrode themselves as shown in Figure 3. The
advantages of dry cell HHO generators include i) waterless electrolysis, where only water is trapped
between the cell plates; ii) minimum heat generation due to hot and cold-water circulation inside the
HHO generator; iii) the smaller electric current used due to electricity is converted to less heat [50-
54]. The advantage and disadvantages of the dry and wet cells for HHO production were listed in
Table 3.

As listed in Table 3, wet cells have several advantages, including enhanced gas output, stability,
maintenance, and fabrication ease. The disadvantages of the wet cells include a higher HHO flow rate
and higher current required, increased cell heat, corrosion of the positive electrodes (anodes),
required larger occupation space and more expensive than dry cells. The advantages of dry HHO cells
outweigh the disadvantages of wet HHO cells. Both types of HHO gas provide the same outcome.
However, the difference is due to the electrolyte reservoir and electrode plate displacement. Due to
the volumetric size of the electrolyte within the closed chamber, a dry HHO cell has various
advantages, including requiring less current per cell and being cheaper than wet cells. Recently, HHO
dry cell generator designed and applied to 110 cc engine vehicles to reduce gas emissions was done
by Puspitasari et al., [51]. They focused only on the number of holes on the electrode plate. Several
parameters such as voltage, electric current, electrolyte temperature in the reservoir tank,
electrolyte temperature in the HHO gas cylinder, and HHO gas exhaust are measured. Based on their
findings, the hole plate electrode 2 has the best HHO generator variant, with a necessary power of
180.78 watts and a 63.8% efficiency. The lowest CO emission level (4.01%) was found in the 2-hole
version, and the lowest HC emission level (892 ppm) was found in the 4-hole variation.

El Soly et al., [50] redesigned and fabricated the HHO dry cell to produce maximum gas flow rate
and enhance the electrolyzer efficiency. They concluded that HHO dry cell is more economical and
efficient to be applied to the engine. Meanwhile, Chinguwa et al., [52] investigated the optimal design
of a hydroxyl booster dry cell for enhancing the efficiency of an internal combustion engine (ICE). Due
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to the explosive and diffusive nature of hydrogen, and the presence of water, the introduction of
hydroxyl gas from the dry cell into the combustion chamber of an ICE initiates complete combustion
which subsequently decreases the potential for NOx generation. Their findings show good agreement
with Ismail et al., [53].

Fig. 3. Dry cell type [47]

Table 3

Advantages and disadvantages of wet and dry HHO cells [47]
Parameter Dry Wet
HHO flow rate Low High
Current consumption Low High
Heat and energy loss Less More
Electrodes corrosion Less More
Cell size Small Large
Cell life More Less
Engine adaption Easy Difficult
Occupation space Small Large
Cost Low High

4. Factors Affecting Efficiency of Water Electrolysis
4.1 Types of Electrolytes

An electrolyte is known as a substance that conducts electricity when dissolved in water [49, 54].
In the electrolysis process, electrolyte substances like acids and salts can transfer electric currents.
These electrolytic ions can affect the stability of water molecules to H* and OH ions. The partial
reaction at the electrodes is given in Table 1. In laboratory conditions, the required voltage (also
known as the equilibrium voltage) for splitting a water molecule is approximately 1.23 V. Higher
voltage, on the other hand, is required in practical electrolysis cells. This is due to the overpotential
of electrochemical.

Different concentration of KOH, NaOH, and NaHCO3 was prepared within the range of 0.010-
0.030 M. The results of the experiments revealed that increasing electrolyte strength, voltage, and
time enhanced the yield of HHO gas proportionately. When the generator was run at 13 V and 0.025
M KOH, an ideal yield rate of 2.27 cm3/s of HHO gas was obtained.
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4.2 Electrolyte Concentration

The concentration of the electrolyte significantly affected the electrolyser performance. Sun and
Hsiau [59] studied the effect of electrolyte concentration on electrolysis. They used two different
electrolytes which were acidic and alkaline solutions. The electrolytes concentrations varied between
5-20 wt% aqueous solution of H,SO4 and 10-40 wt% aqueous solution of KOH. Musmar et al., [60]
investigated KOH concentration in an electrolyte solution on engine performance and emissions. The
electrolytes concentrations were 1 g/L, 1.5 g/L, 5 g/L and 6.5 g/L. Their findings revealed that the
electrolyte concentration shows a significant effect on engine performance parameters and the best
concentration range for KOH in distilled water was within the range of 1-2 g/L. Mohamed and Ali [61]
used KOH solutions for producing HHO gas. The electrolyte concentrations varied from 0.07 M to
0.32 M. The study found that as the electrolysis concentration increased, the hydrogen production
increased as well. This could be related to the amount of current flowing through the electrodes,
determined by their conductivity and electrolyte content. Abhilash et al., [62] evaluated the
performance of an IC engine using HHO gas as an alternative fuel at different electrolyte
concentrations. The application of NaOH electrolyte resulted in a 4% increase in brake thermal
efficiency, with the efficiency rising to 75% of the engine-rated load.

4.3 Spacing Between Electrolytes

The spacing between the anode and the cathode affects HHO performance. Since the resistance
is related to the spacing between the electrodes, hence by shortening the space, the resistance can
be reduced. As a result, decreasing the spacing between the electrodes would reduce the resistance,
thus a minimum spacing should be maintained to prevent the gap from rupturing [21]. Nagai et al.,
[34] investigated the effect of optimum space between electrodes on hydrogen production by water
electrolysis. The experimental results revealed that the current density and space between
electrodes have significant effects on the efficiency of water electrolysis. These results are in good
agreement with the findings of Leroy et al., [63]. Both experimental results showed the importance
of the space between electrodes over water electrolysis efficiency. The position of the electrodes
helps the expulsion of bubbles formed during electrolysis, and introducing ultrasonic fields or
supergravity conditions can accelerate the explosion of bubbles [63]. Opu [64] had successfully
proved that the performance of alkaline water electrolysis is significantly affected by the distance
between the electrode, electrolyte concentration and operating temperature. Lavorante et al., [65]
analysed two different distances between electrodes which were 6.1 and 5.30 mm. Results showed
that the distance between electrodes of 6.1 mm showed the best performance during the study.

Overall, to produce a high yield of HHO gas, the efficiency of water electrolysis is essential. Based
on the above kinds of literature, researchers have contradictory observations regarding the types of
electrolytes, the electrolyte concentration, and the spacing between the electrodes. Therefore, it is
recommended that more studies should be conducted on the factors affecting water electrolysis
efficiency to optimize the process outcome.

5. Recent Studies on the HHO Gas to Fuel the ICE Engine
Several researchers used HHO gas as an alternate energy source blended with air and
diesel/gasoline fuel to boost engine performance while lowering the danger of harmful gas emissions

[66-71]. Gad et al., [66] recently studied the impact of HHO gas on diesel engine performance and
emissions. They conducted the test at the different engines from 1750 to 2750 rpm. Based on their
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finding, the thermal efficiency increased by 7% compared to diesel oil, and the specific fuel
consumption decreased by 15% at full load. Using hydroxyl gas, the HC emissions were reduced by
25% on average. When compared to pure diesel, the CO emissions were reduced by 18% on average.
The addition of hydroxyl gas increased NOx by around 8% at full load. HHO gas was suggested as a
good additive to substitute diesel oil for improving performance and reducing emissions. While
Sharma et al., [67] investigated the energy, exergy, and emission analysis for the hydroxyl fuelled
compression ignition (Cl) engine under dual fuel mode. In their study, they used different mass flow
rates of HHO which were 0.25, 0.5 and 0.75 LPM. Overall, it can be concluded that HHO is a viable
alternative fuel with higher exergy and reduced emissions. The experimental results from Sharma et
al., [67] were in good agreement with that obtained by Subramanian and Thangavel [68].

Jaklinski and Czarnigowski [69] investigated the effects of adding HHO gas in automotive engines
operating at idle speed. When using HHO gas as a fuel additive, CO and HC concentrations in exhaust
gases were lowered in the majority of cases; NOx concentrations were reduced in Sl engines but
increased in diesel engines. Aydin and Kenanoglu [70] investigated the performance of four-stroke,
two-stroke, and single-stroke engines after introducing various designs of commercially available
HHO fuel cells without a storage tank. Their findings show a significant improvement in brake power,
brake torque, and brake-specific fuel consumption of gasoline engines of up to 27%, 32.4% and
16.3%, respectively. In addition, a reduction in hydrocarbon emissions was demonstrated at all
engine speeds, with a maximum reduction of 12.5% at 3500 rpm. Sazilin et al., [71] performed the
experiment to evaluate the effect of electrode plate characteristics on the engine speed
performance. The results revealed that the engine rpm has been increased by 30%-50% with the use
of HHO gas compared to fossil fuel. In short, HHO gas can be used as a supplementary fuel in
conjunction with air in the inlet manifold to reduce emissions while increasing performance.

6. Conclusions

This paper reviews the effects of HHO gas on the engine performance and gas emissions in an
internal combustion engine. The application of the HHO gas blend in an internal combustion engine
can serve as a potential approach to reducing GHG emissions and improving engine efficiency. Water
electrolysis is currently one of the most promising methods to produce HHO gas when the energy
source is renewable. The use of HHO gas in an internal combustion engine increased the engine
braking power which is likely due to the presence of hydrogen in HHO gas. The presence of hydrogen
in HHO gas has a high calorific value that is much higher than fossil fuels. The parameters in producing
HHO gas such as types of electrolytes, electrolyte concentration and distance between electrolytes
significantly affect the process. As a whole, the addition of HHO gas in diesel/gasoline plays an
important role in enhancing engine performance and reducing exhaust emissions. Hence it was
thought that most of the results are favourable because this method has numerous advantages
including the fact that it produces no pollution into the environment. The gaseous products obtained
only hydrogen and oxygen with a high degree of purity which makes them appealing for use in fuel
cells. However, more aspects need to consider since the HHO gas production rate depends on many
factors such as the amount of current passed, material, geometry, types and electrolyte composition.
Further study is therefore needed to optimize these parameters to improve the efficiency and
concern of conducting research on low-cost materials or modifying existing ones.
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