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Abstract: Hydrogen is seen as a future energy carrier since its chemical compounds make up a

large part of the Earth’s surface. This study sought to analyze the impact related to the inclusion of

hydrogen and oxygen gases produced on demand by an alkaline electrolyzer to the engine added

directly through the fuel intake line. For this purpose, performance parameters were monitored, such

as liquid fuel consumption and greenhouse gas emissions, and correlated to any effect observed on

the engine’s power output and combustion behavior. A 58 kVA nominal power motor-generator

was used, coupled with a resistive load bank (20 kW), where two fuel configurations were tested

(diesel injection only and a mixture of diesel, hydrogen and oxygen) and compared. A total of 42

tests were performed considering both the admission gases into the fuel intake line and also diesel

supply only for baseline. A substantial decrease in fuel consumption was observed (7.59%) when the

blend configuration was used despite a decrease in the engine’s work (1.07%). It was also possible

to see a common pattern between NO and NO2 emissions for both fuel configurations, while the

behavior of the CO2 and CO emissions indicated a higher complete diesel burning fraction when

using the gases on demand. Therefore, we can verify that the use of hydrogen and oxygen gases

produced on demand in the fuel intake line is a promising alternative to provide a decrease in liquid

fuel consumption and an overall improvement in engine combustion.

Keywords: hydrogen; combustion behavior; gas emission; fuel consumption; greenhouse effect;

renewable energy

1. Introduction

Population increase, industrial development, high urbanization rate and increased
vehicular flow during the last decades have generated an increase in the use of fossil fuels
and an increase in the world energy demand, which consequently is directly related to the
increase in greenhouse gas emissions [1]. For power and heat generation, thermoelectric
power plants are considered the largest emitters of greenhouse gases that typically use
coal, natural gas, and oil as primary energy sources [2]. Considering thermal power plants
powered by diesel and heavy oil, the gases emitted by the engines can be classified into
two groups: those that offer direct risks to health and ecosystems, and these are subdivided
into compounds in which the emission is regulated, which are CO, hydrocarbons (HC),
nitrogen oxides (NOX), sulfur oxides (SOX) and particulate matter (PM); and those that do
not cause direct harm to health, namely O2, CO2, H2O and N2.

Hydrogen is seen as a future energy carrier, since its chemical compounds make up a
large part of the Earth’s surface. A variety of primary resources, including fossil fuels and
solar, wind, hydro and nuclear energy, can be used for its production [3]. There are several
reasons to make hydrogen a fuel option, either in replacement or partial use, improving
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energy efficiency over fossil fuels. The possibility of using H2 combined with conventional
fuels in internal combustion engines without significant change in the vehicle has been
gaining momentum due to the cost of petroleum products [4].

According to THANIGAIVELAN et al. [5], through experimental research using a
diesel engine fueled by a mixture of B20 biodiesel (20% CNSL (cashew nut shell liquid) +
80% diesel) with ethanol in the proportions (5%, 10% and 15% by volume), different flows
of hydrogen gas (4 lpm, 8 lpm and 12 lpm) were introduced into the engine intake port in
order to examine the system performance. The experimental results showed that the B20
fuel mixed with 10% ethanol and 8 lpm H2 flow rate, provides the maximum heat-to-work
(BTE) conversion efficiency. The B20 blend with 10% ethanol and 8 lpm of hydrogen
flow provides the maximum BTE of 37.9%, which is higher than the efficiency of the
engine powered by diesel fuel alone, which at full load achieves a maximum BTE of 33.6%.
In addition, this fuel combination led to maximum CO and HC emission reduction levels.

According to KANTH et al. [6], hydrogen enrichment in the mixture of biodiesel
honge and diesel is used in a compression ignition engine. Biodiesel is derived from honge
oil and mixed with diesel oil at 20% (v/v). After that, hydrogen at different volume flow
rates (10 and 13 lpm) is introduced into the intake manifold. The results of hydrogen
enrichment on performance, combustion and emission characteristics are investigated
by examining heat-to-work conversion efficiency, fuel consumption, HC, CO, CO2, NOx

emissions, cylinder pressure, combustion duration and heat release rate. The engine
fueled with biodiesel honge blend is found to improve thermal efficiency and combustion
characteristics. Compared to diesel, BTE increased 2.2% and reduced fuel consumption by
6% for the HB20 + 13 H2 blend. In addition, reductions in exhaust emissions such as CO
and HC are achieved by 21% and 24%, respectively.

According to CASTRO et al. [7], the engine performance and maximum replacement
of diesel by hydrogen in a turbocharged four-cylinder direct injection engine with the
measurements made at three engine loads (30%, 60%, 100%), keeping the engine speed
constant (2400 rpm), according to the experimental measurements, the maximum hydrogen
energy replacements were 80%, 60% and 40% corresponding to engine loads of 30%,
60% and 100%, respectively. The maximum reduction in diesel consumption was 54.2%
compared to the 100% diesel operation with 30% engine load and 80% hydrogen energy
substitution, where carbon dioxide emissions were reduced in most cases, while the effect
on NO emissions depends on the engine load level. At low engine load, a reduction in NO
emissions was observed as the hydrogen addition increased.

Other studies using hydrogen gas generated by the electrolysis of water to reduce
gaseous emissions show a reduction for CO and CO2 gases [8], but a slight increase in
NOx emissions [9]. In addition, there are also examples of this application in fuel intake in
the Otto cycle, in the operation of hydrogen–diesel bi-fuel in a low-capacity compression
ignition engine, and in the use of a natural gas engine [10,11]. Therefore, the use of
hydrogen in moto generators used in thermoelectric power plants is an alternative that
favors the reduction in gas emissions, helping to mitigate greenhouse effects [12] in addition
to obtaining a reduction in fuel consumption [13].

Given the above, there have been numerous studies regarding the use of hydrogen and
oxygen gases as part of the fuel mixture with the objective of modifying the combustion
behavior and consequently reducing the emission of greenhouse gases and analyzing
the impact of this modification on engine fuel consumption. Although the method of
injection of the analyzed gases is normally carried out through aspiration of these in the
air intake line [14–16], few studies seek to analyze different configurations of liquid and
gaseous fuel injections, such as, for example, the emulsion of these directly in the fuel
inlet line [17]. In addition, studies that seek to analyze the impact of the use of gases in
combustion typically make use of stored hydrogen, while the on-demand use of gases
is still an underdeveloped topic in the literature and may present a good relationship
between electric energy consumption during electrolysis and consumption of liquid fuel
and greenhouse gases reduction. Thus, the study sought to analyze the quantitative
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emission of gases, liquid fuel consumption and the profile of the internal combustion
curves of the system using hydrogen and oxygen gases produced on demand by an alkaline
electrolyzer in the direct injection of the engine fuel.

2. Materials and Methods

The experiments performed in this research were developed at the Advanced Technol-
ogy and Innovation Institute (IATI), located in the city of Recife and the state of Pernambuco,
Brazil, using S10 diesel fuel enriched with a low proportion of hydrogen and oxygen gases
immediately before injection. The data acquisition system can be seen in Figure 1, in
which the proportion of the exhaust gas was monitored by the TESTO 350 analyzer by
clamping the analyzer’s probe against the gas flow from the engine’s exhaust duct. The
cylinder combustion pressure and crankshaft rotation angle signals were captured using
the AVL GH15DK and Cranck Angle piezoelectric pressure transducer and AVL 366C
encoder, respectively, coupled to the AVL Indimicro for proper processing of the acquired
signals. In addition, in order to ensure safety during the development of the experiment,
the hydrogen gas detector HY ALERT 500 was used to check for possible gas leaks into the
environment. Finally, a safety system formed by hydrogen gas sensors coupled to the fuel
intake and return lines was implemented, ensuring that there is no excessive amount of
hydrogen in the fuel tank.

’ ’

Figure 1. Flowchart of the test.

In order to analyze the behavior of greenhouse gases emissions, consumption of liquid
fuel and combustion profile, experiments were carried out according to the configuration
of supply, return and mixture of fuels shown in Figure 2. The supply of this fuel took
place through the use of two electric pumps (high- and low-flow) in order to supply the
fuel, provide the necessary amount and return the unused amount to the installed tank.
The difference between the amount of fuel given and returned to the tank consisted of
the actual mass consumption of the motor generator during the test period. The alkaline
electrolyzer responsible for producing the hydrogen and oxygen gases on demand was
connected to a set of coalescing filters to remove any moisture present in the gas stream,
and the resulting gases were mixed with the liquid fuel immediately before inlet.



Energies 2022, 15, 7285 4 of 16

pure water with a standard resistivity of 18.2 MΩ.cm at 25 °C to 

Figure 2. Fuel supply configuration flowchart.

To guarantee a better performance in hydrogen and oxygen gas production from the
alkaline electrolyzer, the water purification process was carried out before the tests. For this,
the Millipore Direct-Q3 UV system was used, which provides water treated by reverse
osmosis and ultra-pure water with a standard resistivity of 18.2 MΩ.cm at 25 ◦C to supply
the electrolyzer. To measure the actual conductivity value related to the water used in each
experiment, the Peak Tech 5125-Ultrapure Water Conductivity Meter was used.

The weighing procedure consisted of filling a reference reservoir up to the initial
standard value of 7000 g ± 1 g using a precision balance METTLER TOLEDO BBA 242
point. After the initial weighing, the fuel was transferred from the reference tank to the
fixed tank shown in Figure 3. To avoid error propagation due to uncertainties in fuel
transfer, a second weighing of the reference tank was carried out, making it possible to
determine the total fuel fed to the engine. Finally, after the operation period, the remaining
fuel was drained in order to calculate the final consumption of each test.

pure water with a standard resistivity of 18.2 MΩ.cm at 25 °C to 

 

Figure 3. Fixed tank for diesel supply.

At the beginning of each batch of tests, the engine was pre-heated during a period
of 30 min in order to guarantee the stationarity in consumption values collected. For the
heating process, the system used the same resistive load fixed during the tests themselves
(20 kW). Finally, given the 30 min of pre-heating, all the remaining fuel available in the
tank was drained in order to accurately quantify the amount of fuel consumed during each
test performed. It was possible to perform a total of 42 tests, 30 of which lasted 30 min
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and 12 tests lasted 60 min. Among the 30-min configuration, 15 tests were carried out
without the usage of the alkaline electrolyzer (diesel only) and 15 with the mixture of liquid
and gaseous fuel. In order to mitigate any long-term effects on the performance of the
electrolyzer, the test settings were alternated between diesel only and blended fuel. The
60-min tests followed the same method used for the 30-min tests.

Perkins 1104A-44G 4-stroke diesel engine was used for the test set at a speed of
1800 rpm. The simulation and control of the load used by the engine was given by coupling
a Micateck CRES 1110 (30 kW) resistive load bank, in which only 20 kW (28.4 A) was used,
equivalent to about 38.46% of the total load supported by the motor-generator, as we can
see in Figure 4.

 

– –

Figure 4. (a) Test setup with the TESTO 350 and (b) test setup with the resistive load bank.

In order to generate hydrogen and oxygen to be used in the combustion, benchtop
alkaline electrolyzers coupled to a gas and fluid recirculation tank that held the generated
gases were used, as in Figure 5a. In addition, the skid–electrolyzer–moto generator connec-
tion took place through the humidity retention dryer assembly by means of an adaptation
of the low pressure diesel feed line Figure 5b. Using Omega FMA1000 gas flow meter, it was
possible to verify the flow of hydrogen and oxygen gases from the electrolysis and, from
this, determine the total gas production during the operation. This flow was set at 365 L/h,
considering the power consumption of 134.5 ± 35.4 watts for the alkaline electrolyzer, at an
ambient temperature of 33.7 ◦C and local humidity of 63.9% RH during the test.

– –

Figure 5. (a) Physical arrangement of the experiment and (b) filter connected to the system.
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Combustion of hydrocarbons can be simplistically characterized as an overall two-step
process: the first step involves the breakdown of fuel to carbon monoxide, while the second
step is the final oxidation of carbon monoxide to carbon dioxide. It is known that the
oxidation of CO is a relatively slow process unless hydrogen-containing chemical species
are present. Even small amounts of H2O or H2 can have a big effect on the rate of oxidation.
Thus, when water is the main hydrogen-bearing chemical species, the following four steps
describe the oxidation of CO:

CO + O2 → CO2 + O (1)

O + H2O → OH + OH (2)

CO + OH → CO2 + H (3)

H + O2 → OH + O. (4)

According to Turns and Haworth [18], the step described in Equation (1) is slow, so it
does not significantly contribute to the formation of CO2, but it acts as an initiator of the
chain reaction. The CO oxidation step itself (Equation (3)) is also a propagation step, which
produces H that reacts with O2 to form OH and O (Equation (4)). These radicals, in turn,
feed the oxidation step (Equation (3)) and the step (Equation (2)). Equation (3) represents
the main reaction in the chain reaction scheme.

In turn, when H2 is used as a catalyst, the following steps are involved:

O + H2 → OH + H. (5)

OH + H2 → H2O + H. (6)

With the presence of hydrogen, the entire kinetic mechanism of the H2–O2 system
involves a series of reactions that need to be considered to describe the oxidation of
CO. According to Turns and Haworth [18], depending on the temperature, pressure and
degree of progress of the reaction, the reverse reactions of all these listed reactions can be
important. Therefore, in the modeling of the H2–O2 system, depending on the temperature,
pressure and degree of progress of the reaction, a sequence of 20 reactions that can be
important, including their reverse ones, indicates that up to 40 elementary reactions must
be considered, involving eight chemical species: H2, O2, H2O, OH, O, H, HO2 and H2O2.
Turns and Haworth [18] indicate that, with the presence of HO2, another route for CO
oxidation opens, represented in Equation (7). However, this reaction is not as important as
the attack of OH on CO (Equation (3)).

CO + HO2 → CO2 + OH. (7)

This way, mechanisms that adopt the presence of H2 or even the presence of water
tend to produce an increase in the CO oxidation rate. On the other hand, according to
Lilik [19], 95% of the NOx emitted in internal combustion engines corresponds to NO.
Furthermore, in the atmosphere, NO oxidizes to NO2. It also highlights that the presence of
unburned hydrocarbons and sunlight increase the rate of oxidation of NO into NO2. In the
combustion of fuels that do not contain nitrogen in their elemental composition, nitric
oxide is formed through four chemical mechanisms, which involve nitrogen from the air:
the thermal (Zeldovich mechanism), the Fenimore (also called immediate mechanism), the
N2O-mediated mechanism and the NNH mechanism. The thermal mechanism dominates
NO formation in high-temperature combustion over a rather wide range of equivalence
ratios, while the Fenimore mechanism is particularly important in rich combustion.

Regarding the formation of NO in the combustion of hydrocarbons, two mechanisms
are more relevant, as presented in Turns and Haworth [18]. The first of these, the Fenimore
mechanism, is closely linked to the chemistry of hydrocarbon combustion, in which Turns cites
Fenimore, who found that some NO was rapidly produced in the flame zone of premixed lami-
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nar flames long before there was time available for combustion formation of NO by the thermal
mechanism, and this rapidly formed NO is immediately designated NO. The general scheme of
the Fenimore mechanism is described as the reaction of hydrocarbon radicals with molecular
nitrogen forming amines or compounds with the cyano group (–C≡N), which are converted to
intermediate compounds and which then go on to form NO. Without demonstrating initiating
steps that form CH radicals, the Fenimore mechanism can be written as Equations (8) and (9)
where Equation (8) is the main route and the sequence that limits the rate of NO formation.

CH + N2 ⇔ HCN + N (8)

C + N2 ⇔ CN + N. (9)

Another more recently discovered mechanism, called the NNH mechanism, has two
main steps that can be represented by Equations (10) and (11). For Turns and Haworth [18],
this route is particularly important in the combustion of hydrogen and for hydrocarbons
with a high value of the ratio between carbon and hydrogen atoms.

N2 + H → NNH (10)

NNH + O → NO + NH. (11)

Released into the atmosphere, we have nitric oxide, which oxidizes to form nitrogen
dioxide, NO2, important in the production of acid rain and photochemical smog. Many
combustion processes, however, emit significant fractions of their total nitrogen oxides
(NOx = NO + NO2) in the form of NO2. The formation of NO2 before exhaustion of
combustion products can be described through the following steps (Equations (12)–(14))).

NO + HO2 ⇔ NO2 + OH (formation) (12)

NO2 + H ⇔ NO + OH (destruction) (13)

NO2 + O ⇔ NO + O2 (destruction) (14)

Finally, Turns and Haworth [18] clarifies that HO2 radicals (represented in Equation
(15)) are formed in regions of relatively low temperature. Thus, the formation of NO2

occurs when the NO molecules from the high-temperature regions undergo diffusion or
are advected by the flow into the HO2-rich regions, and the NO2 destruction reactions,
(Equations (13) and (14), are active at high temperatures, preventing the formation of NO2

in high temperature regions.

H + O2 + M ⇔ HO2 + M. (15)

Regarding exhaust gas emission levels data acquisition, these signals were collected
by the gas analyzer considering a test duration of 30 min, with measurements being
taken each minute of operation. Concomitantly, 1000 combustion cycles were captured
referring to cylinder pressure and crankshaft rotation angle, making it possible to obtain
sufficient information about the work performance performed by the engine during the
considered operation.

The calculation regarding the quantitative emission levels given by the gas analyzer
TESTO 350 considers diesel fuel with 3% oxygen reference and 15.6% CO2 reference.
The equations below show the logic of the calculation for each of the gases analyzed as
indicated by the manufacturer [20].

CO2[%] = CO2max∗
O2ref − O2

O2ref
− CO∗ (1 − 0.01881∗CO2ref) (16)

CO = CO∗
O2ref

O2ref − O2
(17)
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NOx [ppm] = NO [ppm] ∗

[

1 +
NO2add[%]

100 [%]

]

(18)

where:

• CO2max—Specific value of carbon dioxide;
• O2ref—Oxygen reference value;
• O2—Measured oxygen content in %;
• CO—Measured carbon monoxide content;
• NO—Measured value of nitrogen monoxide;
• NO2add—Nitrogen monoxide addition factor.

To measure the influence of the hydrogen and oxygen gases addition on combustion
performance and the work performed by the engine, the combustion chamber pressure
data and the displaced volume referring to the piston position during each cycle were used.
To calculate the displaced volume, it was necessary to provide inputs to the signal analysis
software handled by the AVL Indimicro. In all, information about the engine structure was
fixed, such as the number of cylinders, the type of fuel used, and the combustion sequence
of the system. In addition, engine geometry measurements (cylinder bore, connecting rod
size, engine stroke) and the combustion-related polytropic coefficients were also provided
as input. Figure 6 illustrates the parameterization scheme required by the software (a), as
well as the information that was fixed as input (b).

• —
• —
• —
• —
• —
• —

’ ’
’

𝐼𝑀𝐸𝑃 = 𝑊𝑖𝑉𝑑  
𝜃∆𝜃 𝜃𝑜

Figure 6. (a) Geometric values required by the software (b) input of Perkins 1104A-44G engine

information into the software.

The choice of the performance parameter to be monitored took into consideration not
only the goal of analyzing the engine’s work, but also of guaranteeing the parameter’s
application coverage, regardless of the system’s generation capacity. Thus, the monitoring
of the indicated mean effective pressure (IMEP) was chosen, which considers the theoretical
pressure that would be required to produce the same gross work under the cylinder without
considering friction losses in both tests [21]. The IMEP calculation can be given by the ratio
of the net work performed (Wi) during the combustion cycle by the displaced cylinder
volume (Vd), presented in Equation (19) [22].

IMEP =
Wi

Vd
(19)

Finally, a very important factor to be analyzed when simulating a combustion model
is the fraction of fuel burned during complete combustion. This rate is called the Wiebe
combustion model and predicts the mass fraction of fuel burned (x) as a function of the
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engine crankshaft rotation angle (θ) during the combustion cycle, the combustion duration
(∆θ), the start of combustion (θo), an efficiency parameter (a), and the form factor (m) as
shown in Equation (20) [23].

x = 1 − exp

[

−a

(

θ − θo

∆θ

)m+1
]

(20)

3. Results and Discussion

Descriptive statistics of the central tendency and dispersion of the crank angle referring
to a fraction of 5% and 90% of burned fuel mass are shown in Table 1. These values were
generated by the crossing engine rotation angle information provided by the AVL 366C
encoder and the pressure data captured by AVL GH15DK piezoelectric pressure transducer
over 1000 combustion cycles considering a load of 20 kW. Both the starting angle of the
combustion (5%) and the angle referring to the end of the cycle (90%) were anticipated in
the blend configuration by 4.54% and 5.27%, respectively. This can be explained due to
the lower minimum ignition energy of the blend when compared to pure diesel (0.63 MJ)
due to the minimum ignition energy of hydrogen gas (0.02 MJ), which makes the mixture
more sensitive the ignition. In addition, the laminar speed of the flame propagation of
the proposed blend is also higher since the hydrogen gas flame is able to propagate at
a much higher speed (291 cm/s) than the diesel flame speed (33 cm/s), which leads the
blend having a shorter combustion duration (26.229 deg from 5% to 90% for the diesel
configuration and 24.797 deg for the blend configuration) [24].

Table 1. Mass fraction burned statistics at 5% and 90%.

5% 90%

Diesel (deg) Blend (deg) Diesel (deg) Blend (deg)

Mean 6.999 6.681 33.228 31.478
Std. Deviation 0.208 0.196 2.030 1.953

Min. Value 6.350 6.050 27.700 25.550
Max. Value 7.650 7.300 41.150 38.8450

The frequency distribution of the mass fraction burned angle values (5% and 90%)
can be seen in Figure 7 for 1000 combustion cycles analyzed. Mann–Whitney U test
confirmed (95% of confidence) that there is a significant statistical difference between
the distribution of crank angles for 5% and 90% of mass fraction burned between the
two analyzed configurations (p-value < 0.05). Cohen’s D test revealed that the impact of
hydrogen gas on the burning distribution at the beginning of combustion (5%) is greater
than the impact at the end of combustion (90%), with values equal to 1.577 and 0.878,
respectively. As the proportion of hydrogen and oxygen gases introduced into the blend is
low and these are burned faster, the effect of accelerating flame propagation is concentrated
at the beginning of combustion.
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𝑥 = 1 − exp [−𝑎 (𝜃 − 𝜃𝑜∆𝜃 )𝑚+1] 

–

’

Figure 7. Crank angle histogram for mass fraction burned at 5% and 90%.

Descriptive statistics of central tendency and dispersion for IMEP related to each one
of the 1000 cycles are shown in Table 2. As expected, since the blend combustion duration
was shorter than the first configuration analyzed, the IMEP average for blend tests was
1.07% lower than the combustion that used only diesel as fuel. It was also possible to
observe that the introduction of hydrogen and oxygen gases into the system ensured a
more stable combustion, since the standard deviation of the work performed in each cycle
decreased. The decay related to the work performed by the system can also be related by
the fact that the production of hydrogen and oxygen gases by the alkaline electrolyzer had
as its power source the output of the motor generator in a range of 134.5 ± 35.4 W.

Table 2. IMEP statistics for both configurations.

Diesel (Bar) Blend (Bar)

Mean 4.110 4.066
Std. Deviation 0.090 0.069

Min. Value 3.807 3.761
Max. Value 4.403 4.274

AVL Indimicro software calculated IMEP values related to 1000 combustion cycles
using two tested configurations are graphically represented through Figure 8. Based on
the literature review, it was observed that studies which analyze the combustion after the
introduction of hydrogen gas into the system are normally assisted through pressurized gas
tanks. Although this configuration makes it possible to analyze the impact of the addition of
gas on parameters such as duration and flammability of combustion, fuel consumption and
exhaust gas emission [25], it is not possible to analyze the impact of combustion assistance
in a real situation that would produce the gas on demand using the engine’s own power as
the energy source for the electrolysis process. In view of this, the diesel fuel consumption
and the gas emissions of the two configurations were analyzed using the assistance of
hydrogen and oxygen on demand.
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’

Figure 8. IMEP for both configurations over 1000 combustion cycles.

Regarding the analysis of fuel consumption in the 42 tests carried out, the weighing
process was performed in each of the tests as described above. Figures 9 and 10 show the
distribution of diesel fuel consumption for the 30 tests of 30 min and for the 12 tests of
60 min, respectively.

–
−6

–
−3

’

Figure 9. Diesel consumption during 30-min tests.

–
−6

–
−3

’

Figure 10. Diesel consumption during 60-min tests.

From the data shown in Figure 9, it was possible to verify that the average diesel
consumption of the 15 30-min experiments that considered only the admission of diesel
was 2876.9 ± 153.3 g with a reliability level of 95%. In addition, it is possible to observe that
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the average diesel consumption of the configuration with the inclusion of the electrolyzer in
the intake system was 2658.4 ± 151.8 g following the same level of reliability. A two-sample
Kolmogorov–Smirnov test was performed and rejected the null hypothesis that the samples
were taken from the same population (p-value = 5609 × 10−6). This information suggests a
level of fuel consumption reduction of 7.59% during 30 min of operation with the admission
of gaseous fuels on demand in the engine.

Similarly, the diesel consumption related to the six 60-min tests illustrated in Figure 10
was 5741.0 ± 157.1 g when only diesel was used in admission, while with the inclusion of the
electrolyzer in the intake system, the diesel consumption was 5412.8 ± 223.6 g. A Kolmogorov–
Smirnov test for two samples was performed and rejected the null hypothesis that the samples
were taken from the same population (p-value = 2165 × 10−3). This information suggests a
level of fuel consumption reduction of 6.06% during 60 min of operation with the admission
of gaseous fuels on demand in the engine. The increase in fuel consumption in the blend
configuration for the 60-min tests compared to the 30-min tests may have occurred due to
alkaline electrolyzer performance decrease during operation that can be related to the device
heating and consequent generation of steam in the work circulation fluid.

Regarding the study related to the engine’s exhaust gas emission behavior after
the addition of hydrogen and oxygen in the fuel intake line, the data were collected
through TESTO 350 gas analyzer during two tests lasting 30 min using the same previously
analyzed load (20 kW) and both fuel configurations. Descriptive statistics of the central
and dispersion tendency for each one of the analyzed exhaust gases are shown in Table 3.

Table 3. Exhaust gas emissions statistics for both configurations.

Parameter Diesel Blend Unit

Emission

O2 14.71 ± 0.04 14.70 ± 0.06 %
CO 323.31 ± 3.80 317.17 ± 4.88 ppm
CO2 4.65 ± 0.03 4.66 ± 0.04 %
NO 198.10 ± 1.67 206.03 ± 3.13 ppm
NO2 26.60 ± 1.57 26.87 ± 1.58 ppm
NOx 224.53 ± 0.90 232.74 ± 2.75 ppm

From data obtained in the two tests carried out, it was possible to observe that the
carbon monoxide (CO) emission was reduced from 323.31 ppm to 317.17 ppm, which
represents a decrease of 1.9% in the total emission of this gas. The emission of carbon
dioxide (CO2), on the other hand, remained unchanged with the presence of the gases in
the system. However, it was possible to observe that the emission of nitrogen monoxide
(NO) was increased from 198.10 ppm to 206.03 ppm, generating an increase of 3.9% in the
emission of this gas, similar to what can be seen in the work of Adaileh and AlQdah [13].
Finally, despite a larger increase observed in the nitrogen monoxide emission, it was
possible to observe a smaller growth in the nitrogen dioxide (NO2) emission from 26.60 ppm
to 26.87 ppm. Figure 11 shows the exhaust gas emissions’ behavior in both tests and it
is possible to observe that NO and NO2 emissions have similar behavior in both fuel
configurations, while the behavior of the CO2 and CO emissions indicate a higher complete
diesel burning fraction when using the gases on demand. Similar results were found in [26],
which supports the hypothesis that hydrogen and oxygen gases inclusion can impact on
burning behavior even with small gas addition proportions.
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Figure 11. Exhaust gas emissions behavior.

Considering the results obtained in the tests, we can observe that the addition of H2

and O2 on the combustion mechanism resulted on an increase in the CO oxidation rate
culminating in an increase in the efficiency of diesel combustion. Furthermore, the higher
temperature obtained with the injection of the gases for the combustion of diesel (specially
between 15 and 25 min) can explain the promotion of NO2 destruction in the direction of
NO formation, as can be seen in Figure 11 and in Equations (12)–(14), without, however,
implying on relevant increase in NO2 emission, since the conditions are not so favorable in
this direction.

4. Conclusions

The objective of this work was to analyze the impact related to the inclusion of
hydrogen and oxygen gases produced on demand on the engine, when added directly
through fuel intake line. Fuel consumption and the amount of greenhouse gas emissions
were chosen as monitoring variables to analyze the engine performance parameters. For a
better understanding regarding any positive or negative effects related to the combustion
profile, parameters such as IMEP and combustion duration for two configurations were
analyzed (diesel only and blend). It was possible to develop criteria and standardization
for each one of the performed tests, as well as to find differences and correlations between
the two used fuel intake configurations.

The introduction of hydrogen and oxygen gases produced by the alkaline electrolyzer
brought statistically significant changes to the engine’s combustion profile, also in per-
formance parameters such as fuel consumption and exhaust gas emission. The choice to
produce the gases on demand brought about a very interesting alternative compared to
studies that normally use only stored hydrogen gas, in which the energy quantification
related to the expense to produce such fuel is not accounted for.

It is possible to notice that in both the 30-min and the 60-min tests, there was a
substantial decrease in fuel consumption (7.59% and 6.06%, respectively) despite a decrease
in the average IMEP performed by the engine (1.07%) with the blend introduction. There is a
high performance related to the alkaline electrolyzer production and the used configuration
when considering the low electrical consumption provided between the batch of tests (134.5
± 35.4 W) in contrast to the load generated by the engine (20 kW).

Regarding the exhaust gases emission levels, it was observed that the addition of H2

and O2 gases ensured a temperature combustion increase that caused a more complete
burning of diesel and modified the quantity and behavior of greenhouse gas emissions,
even with the addition in small proportions. With the change in combustion temperature,
it was possible to observe a decrease in CO emission levels and an increase in NOx levels
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due to the necessity of a higher air flux to complete the combustion mechanism, which
indicates an increase in diesel fuel burning efficiency.

Finally, further studies regarding the use of the proposed configuration will be impor-
tant in order to find any correlations between the engine performance parameters and the
constancy of gases production through the alkaline electrolyzer. It is worth mentioning the
importance of evaluating new configurations for the introduction of gases, such as: the
admission of mixed H2 in the fuel intake line and the addition of aspirated O2; aspirated
H2 and O2 added in the diesel intake line; perform the reduction in N2 aspirated from
atmospheric air; and, finally, H2 both aspirated and mixed in the engine’s diesel intake line.
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Nomenclature

Abbreviations

BTE Brake thermal efficiency

CN Cyanide

CNSL Cashew nut shell liquid

CO Carbon monoxide

CO2 Carbon dioxide

CO2max Specific value of carbon dioxide

H Hydrogen

H2 Hydrogen gas

HC Hydrocarbons

HCN Hydrogen cyanide

H2O Water

H2O2 Hydrogen peroxide

HO2 Hydroperoxy radical

IMEP Indicated Mean Effective Pressure

IATI Advanced Technology and Innovation Institute

Lpm Liter per minute

N2 Nitrogen gas

NO Nitrogen monoxide

NO2 Nitrogen dioxide

NO2add Nitrogen monoxide addition factor

NOx Nitrogen oxides

O Oxygen
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O2 Oxygen gas

O2ref Oxygen reference value

OH Hydroxide

PCI Lower calorific value

PM Particulate matter

SOx Sulfur oxides

Vd Displaced cylinder volume

Wi Net work

Symbols

X Mass fraction of fuel burned

θ Engine crankshaft rotation angle

∆θ Combustion duration

θo Start of combustion

a Efficiency parameter

m Form factor
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