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Abstract: Road transportation has received the attention of researchers due to its higher carbon
footprint. Alternative fuels present major advantages in terms of environmental sustainability. For
this reason, an enviro-economic analysis of alternative fuels carries great significance. However,
scarce attempts have been rendered in order to ascertain the impact of a hydroxy gas (HHO) and
compressed natural gas (CNG) mixture on sustainable environmental development. The current
study addresses this issue by employing an HHO-CNG mixture and gasoline in spark ignition (SI)
engines for the purposes of performance and environmental pollutants measurement. Then, engine
emission data were substituted for Weibull distribution in order to establish suitability for 50 and
95% confidence intervals (CIs). The mixture outperformed gasoline in terms of brake-specific fuel
consumption (BSFC) and emission contents. On average, hydroxy gas with CNG produced 10.59%
lower oxides of nitrogen (NOx) comparative to gasoline. Finally, the enviro-economic analysis also
turned out to be in favor of the hydroxy gas mixture owing to a saving of 36.14% in USD/year due to
27.87% lower production of carbon dioxide (CO;) emission.

Keywords: renewable fuels; SI engine; Weibull distribution; enviro-economic analysis; CO, abate-
ment; global warming

1. Introduction

Fossil fuels have been considered significant energy resources for many years, but they
also yield many harmful pollutants. Therefore, the amount of these harmful pollutants
keeps increasing in the environment, which has, subsequently, disturbed climatic balance
and conditions [1]. The transport sector consumes 18% of the global primary energy
and is responsible for 23% of global CO, emissions, which ultimately results in global
warming [2,3]. The world is facing the utmost global issue of climate change owing to these
extreme impacts to the ecosystem [4]. Conventional fossil fuels are consumed drastically,
and their consumption increases by 19.6% due to the quest for a luxurious lifestyle [5].
The Energy Information Administration has stated that global energy consumption is
approximated to increase by 56% in the year 2040 with reference to 2010 [6]. Fossil fuels
have served as a major source of the total global primary energy mix, approximately 85% in
2001 and which raised to 90% by 2020 [7]. Almost all renewable fuels are environmentally
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friendly as compared to conventional fossil fuels, but still, there are technical, economic,
and social issues for their adoption as an alternative to fossil fuels. Hence, to avoid the
emission of these unwanted gases, spark ignition (SI) engines are now being operated
on alternative fuels, such as on liquified petroleum gas (LPG), CNG, and ethanol [8-10].
Alcohol-based fuels can also be a good alternative to gasoline due to their higher octane
number, higher heat of vaporization, less volatility, and higher oxygen content; further, they
can be manufactured sustainably from carbon-based feedstocks, but, it must be noted that,
they have lower calorific values [11,12]. They have chemical properties similar to gasoline
and require very little modification to use them in existing engines, they also come with a
significant reduction in exhaust gases [13-15]. The main disadvantage of using alternative
fuels is that they produce less power when compared to gasoline under the same condition
of engines running [16,17].

Therefore, the focus of research has shifted to discovering renewable sources of energy
in order to simultaneously achieve brake power (BP) along with minimizing the emission
of unwanted harmful gases to meet the power requirement that is already in place and
to enhance environmental safety. The robust nature of hydrogen and the complexities
in its storage limit its use in automobiles. Therefore, scientists are focusing on hydroxy
gas (HHO), as it can be produced through an onboard hydrogen generation system [18].
Hydroxy gas (HHO) is a mixture of hydrogen gas and oxygen gas in molar (or volume)
ratio 2:1. It means that HHO gas is composed of a 11% mass of molecular hydrogen and a
89 mass% of molecular oxygen. HHO is a potential candidate as a renewable fuel, which
can be used in a mixture with other fuels, such as CNG to bridge the power gap in SI
engines when operated solely on these fuels [19-23]. HHO can be considered a renewable
fuel as it is produced directly from the electrolysis of water, and water is renewable in
nature in terms of its natural existence. Moreover, HHO has no carbon, and as a result its
carbon footprint is zero, which can be help the reduction in carbon emissions. Hydroxy
gas provides clean burning when compared to coal and fossil fuels. In addition, it is not as
controversial as nuclear energy and it still limits the greenhouse effect [24,25]. Hydroxy gas
(HHO) can be formed by separating the atoms of the water molecule through electrolysis
(theoretically 67% vol. Hy and 33% vol. O;) [26]. Further, its calorific value is extremely
high with respect to diesel and gasoline. The calorific value of 1 kg of HHO is 3 and
3.2 times greater than gasoline and diesel fuel, respectively [27]. A comparative analysis
of using HHO-CNG blends was performed in a gasoline-fueled engine, which showed
comparable results for engine performance with regard to gasoline [28]. Moreover, a
significant reduction in exhaust emission gases was also observed [29]. Both CNG and
HHO can produce a different impact on combustion properties when compared to gasoline
due to their different physicochemical properties [30].

Usman et al. [31] found that the brake power (BP) produced by the engine in the
case of gasoline was 28.8% higher than that of CNG, however this came with the cost of
a 17.2% higher fuel consumption. In another study, they [32] found that the brake power
produced by the engine in the case of CNG was 26.4% lower than gasoline, but the mixing
of HHO with CNG helped to regain the brake power by 11.28%. The brake-specific fuel
consumption (BSFC) in the case of HHO-CNG was 31.1 and 16.9% lower than gasoline and
CNG, respectively. Musmar and Rousan [33] investigated the impact of hydroxy gas (HHO)
on a 197 cc single-cylinder SI engine. They found up to a 40% reduction in hydrocarbon
(HC) and CO, emissions. In addition, the carbon monoxide (CO) and NOyx emissions
decreased by 20 and 54%, respectively. Farooq et al. [34] investigated the performance and
emissions of SI engines fueled with CNG and a HHO-CNG mixture. They found that brake
power decreased for CNG, but the engine’s brake thermal efficiency (BTE) significantly
improved. Likewise, CNG’s CO, HC, and CO2 emissions declined, but NOx emissions
increased. However, the addition of HHO with CNG improved the brake power at the cost
of lower fuel consumption and increased brake thermal efficiency (BTE). The HC, NOx,
CO,, and CO emissions also reduced for the HHO-CNG mixture. They concluded that
the HHO-CNG mixture is not only beneficial in terms of engine performance but is also
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eco-friendly. Wang et al. [35] investigated the impact of a 3% HHO blend with gasoline on
engine performance and emissions. They found a decline in CO and HC emissions but
a rise in NOx emissions. They observed higher flame speed in the case of HHO-blended
fuel, which is mainly responsible for reducing heat losses with improvements in BTE and
ultimately a better combustion, which is responsible for the higher NOx output.

Consequently, the combination of HHO and CNG in an SI engine may produce a
prominent impact on engine performance. The existing literature needs to be upgraded
by unveiling the enviro-economic impact of these alternatives in order to describe the
changes in engine performance along with exhaust emissions. Therefore, HHO-CNG
should be examined as an alternative fuel in SI engines. In the present study, the gradual
increment in engine rpm is made with the aim of measuring brake power (BP), exhaust
gas temperature (EGT), exhaust emissions (HC, NOx, CO, and CO;) and brake-specific
fuel consumption (BSFC). In addition, the engine emission levels data were substituted for
Weibull distribution in order to establish suitability for 50% and 95% confidence intervals.
Finally, enviro-economic analysis was performed on CO, emission in order to identify
the deterioration impact on the environment and tax imposition cost. A comparative
assessment based on engine performance and exhaust emissions from the engine was
performed between the various gaseous fuel options, i.e., a HHO-CNG blend, CNG alone,
and liquid fuel (i.e., gasoline).

2. Materials and Methods

In this study, a HHO-CNG blend and gasoline are investigated in how they affect the
performance and exhaust emissions of the SI engine (the specifications of which are given
in Table 1).

Table 1. Attributes of the 4-stroke heat engine.

Engine Parameters Specification
Number of cylinders 1

Capacity (cc) 219

Cooling system Water cooled
Peak torque (Nm) 15.1

Ignition type Spark aided
Peak power (kW) 74

Bore and stroke (mm) 67 X 62.2

2.1. Schematic Arrangement

A schematic arrangement of all the auxiliary and testing instruments attached to the
engine is shown in Figure 1. Torque was ascertained through a dynamometer (7 inch kart,
dynamite) according to the SAE standard (J1349). The water brake dynamometer was
connected to the shaft of the engine. The dynamometer is composed of toroidal pockets
such that these pockets are driven by the engine. The load on the engine was applied
through a supply of water from one horsepower motor. The water pressure was controlled
by the load control valve. The water, when struck with the toroidal pockets, then was
whipped around them; further, the shear forces in the water acted tangential to the housing
radius and acted as the load on the engine. A thermocouple (K-type) was inserted in the
exhaust pipe in order to measure the exhaust gas temperature (EGT). The thermal and
physicochemical attributes of all three fuels, i.e., CNG, HHO, and gasoline, are described in
Table 2. Gasoline was fueled into the engine through a carburetor, while a CNG kit was
used in order to maintain the supply of CNG at 1.1 bar. The crossover kit contains two
valves, one for safety purposes and the other to regulate the gas pressure about 1.1 bar
higher than the pressure at the intake manifold. The CNG at 1.1 bar and HHO at 10 scth
were supplied separately to the engine in order for it to burn as an HHO-CNG blend. The
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HHO unit comprised a cathode and anode that was dipped in the electrolyte in order to
produce hydroxy gas through the following electrolytic reaction [36].

Cathode Site : 4H,O +4e~ — 2Hy +40H™ D)
Anode Site : AOH™ — Oy +2H0 + 4e™ 2)
Complete reaction : 2H,O — 2Hp + O, 3)

Hygrometer CNG  HHO

q y @ “ Scaled Gasoline EGT Sensor

‘ ‘-7 -) , Storage
?’ l . Spark Plug /
I i
. Carburetor  Inlet Pipe & Exhaust Pipe m “
Air Filter

Exhaust Gas

Analyzer
Shaft
L3 compt
Data Acquisition Dynamometer SI Engine Lubricant Oil
System Temperature Sensor
Figure 1. Experimental setup.
Table 2. Physiochemical attributes of fuels °.
Properties HHO CNG Gasoline
Phase Gas Compressed gas Liquid
RON 2 >130 120 97
Density (kg/liter at 15.48 °C) ~ 0.0827 ® 0.128 0.73
Air to fuel ration (A/F) 34.2 17 14.7
Ignition temperature (K) 867 723 633
Heating value (kJ/kg x 103) 120 49 463

Abbreviations—RON: @ Research octane number; P density in kg/ m3 at 0 °C and 1 atm. ¢ PSO: Pakistan state oil.

HHO was generated from a simple electrolytic cell, which possessed the dimensions
of 16.5 x 16.5 x 0.1 cm® with an input voltage of about 35 V and input current of about
0-60 A while possessing 24 stainless-steel plates (316 L) with 2 mm spacing between them.
The reactor comprised two anode plates located at the center portion with a seal, while
two cathode plates located at both ends and the mass-by-volume mixture of 6 gram/liters
of potassium hydroxide (KOH) and distilled waters were used as a catalyst [37]. HHO is
produced through the electrolysis of water in an electrolytic cell, as mentioned above. At
the cathode, water decomposed to hydrogen (H;) and hydroxide (OH-) ions, as depicted
in Equation (1). While at the anode, hydroxide ions decomposed to produce oxygen and
water molecules, as shown in Equation (2). In the overall reaction (Equation (3)), the water
molecules produce hydroxy gas (HHO). The probe of the exhaust gas analyzer (Testo-350)
is introduced into the exhaust pipe of an engine in order to measure the emissions of NOx,
CO,, CO, and HC.

2.2. Test Approach

Initially, the calibration was conducted for each test as per the recommendations of
the manufacturer. Afterwards, BP, BSFC, and EGT were analyzed at eight different speeds
for two test runs. The comprehensive experimental plan is displayed in Table 3. A fuel
delivery system with a transparent measuring cylinder was used in order to monitor the
fuel consumption of gasoline, while a digital weight measuring machine was utilized
to observe the consumption rate of CNG. The flow rate of HHO was gauged by the gas
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rotameter, which was installed at the outlet of the HHO unit. Table 3 shows the variation in
engine rpms used to quantify the exhaust gas emissions in the case of the HHO-CNG blend
and gasoline. The accuracy of emission levels was analyzed through Weibull distribution
for 50% and 95% Cls. The probe of Testo-350 was inserted into the exhaust duct for one
minute at a distinct engine speed (rpm) in order to obtain stability in the readings. The
measurement range and accuracy of the emission analyzer (Testo-350) for each emission
parameter is detailed in Table 4.

Table 3. Comprehensive empirical strategy.

Factors Divisions

Speed range 1600 to 4400 rpm with gap of 400 rpm

Throttling 80% wide open throttle (WOT) condition

Fuel CNG, HHO-CNG, and gasoline

Performance parameters BP, BSFC, and EGT

Emission parameters CO, CO,, HC, and NOx

Statistical tool Weibull distribution for 50% and 95% confidence intervals

Table 4. Measurement Range and Accuracy of Testo-350.

Emission Parameters Measurement Range Accuracy

Cco 0-10,000 ppm £5 ppm

NOx 0-4000 ppm +1 ppm

HC 100-18,000 ppm +2% of reading
CO, 0-50% +0.3%

2.3. Environmental and Enviro-Economic Assessment

Environmental and enviro-economic analyses have been performed on a 219cc gasoline
engine. The Paris Conference on Climate Change (2015) revealed that CO, concentration
can be reduced by the capture and storage of CO; [38]. In this study, the methods developed
by Caliskan in 2017 [39] were applied. Further, certain norms were applied before the
environmental and enviro-economic analyses, such as the Engine being operated 8 h a
day, and then extrapolated for the whole year (which turns out to be 2920 h). For the
environmental analysis of the fuels, the following equation, as proposed by Caliskan,
was applied.

Xcoz = Ycoz X Wgen X tworking

where Ycop = the mass of carbon dioxide, in grams, that is produced when an engine
generates the energy of 1 kWh (g CO,/kWh); Wgen = power output of the engine at a
particular rpm, tyorking = the working time, in hours, for a year (h/yr); and Xcop = the
mass of carbon dioxide per year (t cop/yr).

We accounted for the economic aspect of CO; in the analysis. This was done due to
the fact that the emissions play an important role in understanding the impact of global
warming on the economy. Carbon prices are variable and vary from country to country, as
such this must be understood in order to meet the aim of reducing global warming. The
price of Swiss carbon is used as a basis in order to calculate the cost of carbon in the context
of European countries. The price of Swiss carbon is estimated to be 8.28 USD/t CO; [40].

3. Results

The comparative assessment of the HHO-CNG blend and gasoline fuel showed
relative improvement in engine performance and control of emissions when the HHO-
CNG blend was used as the main fuel.

3.1. Comparative Performance Assessment

The comparative assessment of the two test fuels based on brake power (BP) is shown
in Figure 2a, which demonstrates a comparatively high BP that is produced in the case
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of gasoline, in a specified range of rpm. On average, BP generated by the HHO-CNG
mixture was 14.81% lower when compared to gasoline (Gg7). Lower air displacement and
flame velocity are two main reasons for the decline in brake power, as is in the case of
CNG. The amount of suction air remains the same for gasoline as described in [31,41],
while air is replaced by gaseous fuels resulting in a lower energy density when compared
to liquid fuel. Therefore, there should be a significant decrease in brake power when
using CNG for an engine that is designed to be powered by gasoline. However, when a
mixture of hydroxy gas (HHO) and CNG is used, the brake power increases due to the
presence of HHO, which has a higher heating value compared to CNG alone [42]. Figure 2c
depicts variation in EGT at various engine rpm, such that a higher value of temperature
for gasoline within the whole range of rpm is observed when compared to gaseous fuel. A
relative decrease of 4.78% in the value of exhaust gas temperature was observed for the
HHO-CNG mixture. The decline in EGT and BP for gaseous fuel can be credited to an
unaltered ignition timing [31]. Moreover, more fuel consumption in the case of liquid fuel is
mainly responsible for more fuel burning and higher exhaust gas temperatures. Figure 2b
depicts the comparison between gaseous and liquid fuels at various different speeds based
on BSFC. Further, the gasoline had augmented BSFC when compared to the HHO-CNG
mixture throughout the engine rpm range. The higher calorific value of the HHO-CNG
mixture when compared to gasoline reduced the value of BSFC by 32.30% as described
in [25,43]. However, all fuels have a similar trend for variation in BSFC at different engine
speeds, i.e., first they decline then rise, as speed increases. The possible reason for the
higher value of BSFC may be due to the increased heat loss at low engine speed and a
relatively higher increase in friction at high engine speed [44].

64| m G (@ 0.60 - = (b) = Gy
HHO-CNG - HHO-CNG
) 0.55 -
5 -
= ___0.50 ] =
z.] =
= - = -
] = 0.45 -
= > =
S, u 2 -
Py © 0.40 L
=2 » e -
© - 197} -
@24 2 535
i
14 - 0.30 4
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7004 c
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Figure 2. (a) BP, (b) BSFC, and (c) EGT for gasoline and HHO-CNG.

3.2. Exhaust Emissions

The comparison of engine emissions for both fuels is shown in Figures 3-6. It is
evident from Figure 3 that the HHO-CNG blend produced less HC emission as compared
to gasoline, as the average HC emission concentrations were 1396.5 ppm and 622.88 ppm
for gasoline and HHO-CNG, respectively, as shown in Table 5.
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Figure 3. (a) HC Weibull distributions for various CIs using gasoline and (b) HC Weibull distributions
for various Cls using HHO-CNG.
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Figure 4. (a) CO, Weibull distributions for various Cls using gasoline and (b) CO, Weibull distribu-
tions for various CIs using HHO-CNG.
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Figure 5. (a) CO Weibull distributions for various CIs using gasoline and (b) CO Weibull distributions
for various Cls using HHO-CNG.
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Figure 6. (a) NOx Weibull distributions for various CIs using gasoline and (b) NOx Weibull distribu-
tions for various Cls using HHO-CNG.

Table 5. Average HC emission contents for 50% and 95% confidence intervals.

Fuel Type HC Emission Content (ppm)

Mean £ Stdev  p Value Skewness Mean =+ 50% CI Mean =+ 95% CI
Gasoline 1396.5 +194.02 >0.25 0.95 1396.5 £ 46.27 1396.5 4= 134.54
HHO-CNG 622.88 £ 85.20 >0.25 0.0077 622.88 £ 20.32 622.88 &+ 59.05

Homogenous mixing of liquid fuel in the air requires more time due to its prior
atomization and then vaporization, which is not required in the case of gaseous fuels. This
better mixing of gaseous fuels, and their lower molecular weight, leads to the appropriate
air-fuel mixture burning, which, consequently, results in less HC content [45,46].

CO; emission content is represented in Figure 4, which shows the lower CO, for the
HHO-CNG mixture as compared to gasoline. Table 6 shows the average content of CO,
emission, and Figure 4 describes the CO, emission distribution for both fuels. HHO-CNG

mixture produced lower CO, content than gasoline.

Table 6. Average CO, emission contents for 50% and 95% confidence intervals.

Fuel Carbon Dioxide Emission Content (CO, _%)

Mean = Stdev  p Value Skewness Mean =+ 50% CI Mean = 95% CI
Gasoline 7.62+1.21 >0.25 0.95 7.62 £0.29 7.62 £0.84
HHO-CNG 55+123 >0.25 0.90 55+0.29 5.5+ 0.85

HHO-CNG showed a relative decrease of 27.87% in the contents of CO, when com-
pared to gasoline. The major cause for the decline in CO, emissions is the lower proportion
of carbon atoms that are present in gaseous fuels when compared to liquid [47]. The
distribution of carbon contents is illustrated in Figure 5. CO is present in exhaust emissions
as a result of incomplete combustion [48]. Table 7 shows the CO emissions in the case of

both fuels.

Table 7. Average CO emission contents for 50% and 95% confidence intervals.

Fuel Carbon Monoxide Emission Content (CO_ ppm)

Mean =+ Stdev p Value Skewness Mean =+ 50% CI Mean = 95% CI
Gasoline 1399.25 £ 202.74  >0.25 0.84 1399.25 £ 48.35 1399.25 + 140.49
HHO-CNG 628.88 +76.3 >0.25 —0.085 628.88 + 18.08 628.88 & 52.53

A relative decrease of 55.05% in CO contents was observed for the HHO-CNG mixture.
Figure 6 shows the distribution of NOx emissions for liquid and gaseous fuels. Table 8
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describes the average NOx emission contents of the 266.63 ppm and 238.38 ppm produced
by gasoline and the HHO-CNG blend, respectively. These results are similar to those
of the exhaust gas temperature for test fuels under similar conditions. NOx is primarily
produced from the reaction between oxygen and nitrogen in a combustion chamber under
high-temperature conditions [25,31,49]. It can be realized from emission data that p-values
characterize a high level of significance.

Table 8. Average NOx emission contents for 50 and 95% confidence intervals.

Fuel Oxides of Nitrogen Emission Contents (NOx _ ppm)

Mean = Stdev  p Value Skewness Mean =+ 50% CI Mean =+ 95% CI
Gasoline 266.63 +178.52  >0.25 0.34 266.63 £ 42.57 266.63 £ 123.70
HHO-CNG 238.38 17146  >0.25 043 238.38 £ 40.89 238.38 £ 118.81

The exhaust emissions from the engine, including the HC, CO,, CO, and NOy pro-
duced by gasoline and the HHO-CNG blend fuels with 50% and 95% confidence intervals
(CIs), are analyzed in the form of probability plots through a Weibull distribution, which are
shown in Figures 3-6. The adequacy of emission data for two types of fuel were examined
for the confidence intervals (CIs) of 50% and 95% ClIs and the obtained Weibull distributions
were observed as encapsulated within the confidence intervals (Cls). The most excellent fit
was observed by the Weibull distribution fit, around the middle of the Weibull distribution,
with the absence of a heavy tail at the upper segment of the distribution. It can be observed
from Figures 3a—6a that HC, CO,, CO, and NOx exhaust emissions distribution for gasoline
fit well within the 50% and 95% CIs, respectively. Similarly, Figures 3b—6b depict good
agreement with the Weibull distribution of emission levels of HC, CO,, CO, and NOx
when the engine is fueled with HHO-CNG for 50% and 95% confidence intervals (Cls),
respectively.

With eight CO emission data points, HHO-CNG data were located near the reference
line in contrast with data points of liquid fuel and showed less variability. For gasoline, the
95% confidence interval for the 50th percentile of carbon monoxide datapoints distribution
ranges between 1268.41 and 1577.81 ppm (Figure 5a). Moreover, the mean of the CO
datapoints distribution produced by gasoline, shows that it has a 50% confidence interval
(CI) range between 1362.53 and 1468.82 ppm (Figure 5a). Likewise, for HHO-CNG fuel,
the 95% confidence interval (CI) and 50% CI for the 50th percentile of CO datapoints
distribution ranges between 588.16 to 690.57 ppm and 619.95 to 655.16 ppm, respectively
(Figure 5b).

Out of many significant attributes of the CIs, the major significant attribute of them is
that the average values of any dataset need not be symmetric. For the eight emission levels
data set, the positively skewed distribution was obtained for gasoline, and the negatively
skewed distribution was obtained for HHO-CNG (see Table 6). The positively skewed
distribution indicates that the tail on the right side of the distribution is longer. While the
negatively skewed indicates that the tail on the left side of the distribution is longer, and,
ultimately, an unsymmetric distribution is obtained.

In addition, the moderately skewed distributions were found to exclude the heav-
ily skewed hydrocarbon distributions employing gasoline and the HHO-CNG blend
(Figure 3a,b). Moreover, the asymmetric confidence intervals were obtained, on average,
because of positively skewed confidence intervals. In regard to CO; emission, a posi-
tively skewed distribution was found for both gasoline and HHO-CNG. For gasoline, the
95% confidence interval for the 50th percentile of carbon dioxide emission distribution
ranges between 6.82 and 8.69% (Figure 4a). Moreover, the mean CO, emission distribution
produced by gasoline, having a 50% confidence interval (CI), ranges from 7.39 to 8.03%
(Figure 4a). Likewise, for the HHO-CNG fuel, in regard to the 95% confidence interval (CI)
and 50% CI (for the 50th percentile of CO, emission) distribution ranges from 4.71 to 6.55%
and 5.25 to 5.88%, respectively (Figure 4b).
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The positive skewness in NOx emission data for HHO-CNG indicate a more unsym-
metric nature of distribution and more of an inclination of the tail toward the right side. For
gasoline, the 50th percentile under 95% CI of nitrogen oxide (NOx) emission distribution
ranges from 139.97 to 394.32 ppm (Figure 6a). Moreover, the mean NOx emission distri-
bution produced by gasoline, having a 50% confidence interval (CI), ranges from 196.58
to 280.76 ppm (Figure 6a). Likewise, for HHO-CNG fuel, the 95% confidence interval
(CI) and 50% CI for the 50th percentile of CO, emission distribution ranges from 112.58 to
358.79 ppm and 164.64 to 245.34 ppm, respectively (Figure 6b).

3.3. Enviro-Economic Assessment

For the purposes of enviro-economic analysis, a single-cylinder SI engine fueled with
gasoline (Gyy) and HHO-CNG fuel was examined at a 80% WOT condition via varying
speeds from 1600 to 4400 rpm, based on experimental emissions data. In the framework of
the design of the experiment, the CO,, CO, HC, and NOx were measured quantities. The
relation between CO; emission with engine speed along with cost variation is displayed
in Figure 7. It can be clearly seen from Figure 7a that the HHO-CNG mixture produced
a lower CO, content when compared to Ggy. About a 27.87% reduction in CO; content
was observed for the HHO-CNG mixture in contrast to Ggy. On average, gasoline and
HHO-CNG produced 483.96 and 349.09 g/kWh of CO, emissions, respectively. The
lower carbon content in HHO-CNG [47] and the better combustion owing to hydroxy
gas presence are mainly responsible for the reduction in CO, emissions. The existence of
hydrogen (Hj) in the HHO mixture may induce a burning temperature and OH- radical
concentration, which is ultimately responsible for an improved oxidation process inside
the combustion chamber [50]. Figure 7b reveals the calculation results of enviro-economic
analyses. It can be clearly seen that CO, emission exhibits a linear relationship with
engine speed. Both gasoline and HHO-CNG produced the least CO, emission at the
lowest speed (1600 rpm) of 0.15 and 0.07 ton/year. The maximum CO; emissions of
0.77 ton/year and 1.12 ton/year were achieved at 4400 rpm for HHO-CNG and gasoline,
respectively. The associated economic cost with CO, emission at 4400 rpm is 6.34 and
9.29 USD/year for HHO-CNG and gasoline fuel. On average, the HHO-CNG mixture
is responsible for a 36.14% decline in economic cost associated with CO, emission, in
comparison with gasoline. According to the International Energy Agency, alongside
other activities [51-57], the presented considerations are in line with Net Zero Emissions
according to the 2050 scenario [58].
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Figure 7. (a) CO, emission variations with respect to engine speed in terms of percentage by volume
and (b) CO, emission variations in terms of ton/year when associated with cost variation for a year

against engine speed.
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Figure 8 demonstrates the variation in CO content with respect to engine speed. The
CO content exhibit a directly proportional relation with incomplete combustion; this is
because CO content increases owing to incomplete combustion [48]. Therefore, the apparent
decrease in CO content can be seen for HHO-CNG in contrast with Ggy. On average, a
55.05% decline in CO content was obtained for the HHO-CNG mixture when compared
to Ggy. This decline in CO, and CO concentrations for the HHO-CNG mixture is due
to a higher H/C ratio. The mixture with lower carbon content produces lower carbon-
oxygen reaction fractions in the exhaust [59]. Additionally, the lean working states of
the engine due to hydroxy gas and improved combustion, played their role in lowering
CO contents [15]. Both gasoline and HHO-CNG produced the least CO emission at the
lowest speed (1600 rpm) of 0.0018 and 0.0006 ton/year. The maximum CO emissions
of 0.0041 ton/year and 0.0112 ton/year were achieved at 4400 rpm for HHO-CNG and
gasoline, respectively. On average, gasoline and HHO-CNG produced 5.02 and 2.26 g/kWh
of CO emission, respectively.
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Figure 8. CO emission variation with respect to engine speed in terms of parts per million and
ton/year.

Figure 9 depicts the variation in HC emissions from engine fueled with gasoline
and the HHO-CNG blend. The gaseous fuel (HHO-CNG) produced lower HC con-
tent over eight engine speeds. On average, gasoline and HHO-CNG produced 2.80 and
1.25 g/kWh of HC emission, respectively. HC emission increases with the increment in
engine speed. The highest HC emission in the case of gasoline and HHO-CNG were
0.0063 and 0.0023 ton/year, respectively, at 4400 rpm. The fuel in gaseous form undergoes
appropriate mixing with air during intake, but fuel in the liquid form first undergoes
atomization and then undergoes vaporization following the homogeneous mixing with
air during the intake stroke, which consumes more time. Therefore, gaseous fuels pro-
duced a better mixture formation [45]. Furthermore, the molecular weight of CNG and
HHO is lower when compared to gasoline, which is mainly responsible for efficient fuel
burning. All these reasons are majorly responsible for lower HC emissions in the case of
the HHO-CNG mixture. The results showed that the HC emission significantly declines
for HHO-CNG fuel in comparison with gasoline. About a 55.39% decline in average HC
content was obtained for HHO-CNG in contrast with gasoline. The better fuel mixing at
intake, owing to the gaseous nature of HHO and CNG, significantly reduces HC emission,
which, consequently, reduces the adsorption and desorption of fuel particles in lubricant
oil film [60].
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Figure 9. HC emission variation with respect to engine speed in terms of parts per million and
ton/year.

Figure 10 displays the variation in NOx emissions for both fuels under eight different
engine speeds. It is can be prominently seen that gasoline produced more NOx emissions
than the HHO-CNG blend. The NOx contents for two test fuels were in accordance with the
EGT behavior for these fuels. The amount of air during suction and in-cylinder combustion
is mainly responsible for NOx emission. NOx emission augments with the increase in the
incoming air amount. The in-cylinder temperature rises with the progression in engine
speeds owing to a relatively higher fuel consumption rate (more combustion). The higher
the in-cylinder temperature, the higher the EGT will be [45,59]. It can also be concluded
that owing to a higher temperature, nitrogen, and oxygen are readily available in the
mixture to form NOx [49]. The NOx emission content increases with the engine speed.
As the highest NOx emission in terms of ton/year obtained at maximum engine speed.
The HHO-CNG blend produced 10.59% lower average NOx than gasoline. CNG and
HHO replace air during intake owing to their gaseous nature, consequently reducing NOx
emission. Moreover, the decline in NOx emission for the HHO-CNG blend in contrast with
gasoline can also be credited to unchanged ignition timing [45]. On average, gasoline and
HHO-CNG produced 1.77 and 1.58 g/kWh of NOx emission, respectively.
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Figure 10. NOx emission variation with respect to engine speed in terms of parts per million and
ton/year.

4. Conclusions

In this study, gaseous and liquid fuels were investigated to measure engine perfor-
mance and exhaust emissions along with enviro-economic analysis. The results showed
that gasoline produced 14.81% more brake power than the HHO-CNG blend. However, a
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4.78% decrease in EGT takes place for the HHO-CNG mixture. The BSFC also declined by
32.30% for the HHO-CNG mixture in comparison with gasoline. Moreover, a significant
decrease in emission contents of HC (55.39%), CO (55.05%) and CO, (27.87%) NOx (10.59%)
was observed for the HHO-CNG blend relatively to gasoline. Hence, the HHO-CNG blend
is a more appropriate choice as an alternative fuel as compared to gasoline which not only
produces lower harmful emissions but also produces significant power at the cost of lower
energy input. Moreover, the associated economic cost with CO, emission at 4400 rpm is
6.34 and 9.29 USD/year for HHO-CNG and gasoline fuel. On average, the HHO-CNG
mixture is responsible for a 36.14% decline in economic cost associated with CO, emission
in comparison with gasoline. The mixture limit has been considered a safe limit to be
used in the engine without any significant modification. In the future, excessive durability
testing of the engine should be conducted for higher percentages of HHO in CNG in order
to reduce the power gap and emission contents.
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