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Abstract In the last decade, there has been a major ascend-

ing interest in reducing the polluting concentration and fuel

consumption of internal combustion engines. The solution

proposed in this research project was to integrate a hydrogen

and oxygen mixture H2/O2, obtained through an electrolysis

process of water, as supplementary fuel, in a 93 cm3 gaso-

line engine. Several experimental tests were carried out under

different engine loads (0, 20, 50, 80 and 100 %) in order to

investigate the effect of H2/O2 addition on the engine per-

formance characteristics and the exhaust gas concentration.

At engine loads more than 20 %, tests showed that adding

H2/O2 reduced the brake-specific fuel consumption by an

average of 7.8 %. They also showed that the alternative fuel

was very efficient in reducing the concentration of pollutant

emissions in the exhaust gases: hydrocarbon (HC) concen-

tration diminished by an average of 18 %, carbon monoxide

(CO) concentration decreased by an average of 31.8 %, and

CO2 concentration decreased up to 30 %. However, at low

engine loads, NOx concentration decreased by an average

of 26 %, but it increased significantly with the increase in

engine loads (exceeding 80 %).
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1 Introduction

The world energy market is attempting to explore alterna-

tive fuels for internal combustion (IC) engines. Research

and development of non-polluting and clean alternative fuels

is important for energy safety and environmental protection

[1]. The use of hydrogen in IC engines was proposed in the

1970s [2]. Hydrogen can be considered as the most poten-

tial alternative to conventional fuels because it has benign

effects on environment and it can be produced from renew-

able sources. The combustion of hydrogen engines is much

closer to ideal constant volume combustion; therefore, it

may improve thermal efficiency [3–6]. These advantages

have attracted researchers to check the feasibility of hydro-

gen as a fuel for spark ignition (SI) engine applications.

Hence, numerous hydrogen engines have been developed

and much research focusing on the study of the effect of

using hydrogen as fuel in internal combustion engines has

been conducted. Results show the successful running of these

engines using hydrogen under various operating conditions

[3–8]. However, pure hydrogen-fuelled IC engines suffer

from weak power output because of the lower volumetri-

cally heating value of hydrogen [4,9,10]. Besides, hydro-

gen engine produces high level of nitrogen oxides because

of the high flame temperature [9]. These drawbacks limit

the commercialisation of pure hydrogen as a fuel for SI

engines.

Instead of using pure hydrogen, the use of a mixture of

hydrogen and other fuels is considered to be a more practi-

cal way for improving the SI engine performance [11–13].

Therefore, the mixture of hydrocarbon and hydrogen, for

instance, would take the positive physicochemical proper-

ties of both fuels. As a result of this mixture, the combustion

duration is reduced. The more the hydrogen blending fraction

is higher, the closer the combustion is to ideal thermodynamic
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cycle. Besides, this blending enhances the thermal efficiency

[8,13,14]. Moreover, the addition of hydrogen to gasoline–

air mixtures reduces carbon monoxide (CO) and hydrocarbon

(HC) concentrations [5,15–17], and carbon dioxide CO2 con-

centration [18–21]. Furthermore, despite the fact that the use

of hydrogen generally increases oxides of nitrogen (NOx )

concentration because of increased cylinder gas tempera-

ture [16–20], under specific operating conditions, the use of

hydrogen with gaseous fuel can reduce NOx concentration.

The addition of hydrogen to ethanol produced less NOx in

base case operation conditions [21,22]. At ultra-lean burn

conditions, the addition of hydrogen led also to reduction in

the NOx concentration [23].

However, some studies show that the use of hydrogen in

SI engines sometimes leads to knocking and backfiring prob-

lems [8,9,24].

Although hydrogen energy is considered as an ideal alter-

native for internal combustion engines, there are some prob-

lems limiting the commercialisation of hydrogen, such as

the high costs of production, the lack of fuelling infrastruc-

ture and the refilling onboard storage problem [25]. To reduce

these problems, it is proposed that hydrogen can be produced

through the electrolysis of water.

Water electrolysis is the decomposition of water (H2O)

into oxygen (O2) and hydrogen gas (H2) using an electric

current. Research on electrolysers is currently going on all

around the world. Open literature [26–31] has discussed the

electrolyser in detail and in all aspects. Niro and Masanori

[31], for instance, studied the efficiency of alkaline water

electrolysis to obtain optimum conditions.

Getting hydrogen through water electrolysis solves some

of the above-mentioned problems. First, the cost of hydrogen

is low. Second, the immediate use of hydrogen directly from

the electrolyser eliminates all the hydrogen storage problems.

Most studies concerned with the optimisation of the elec-

trolyser operating systems have not considered the output

of these systems as a supplementary fuel. On the contrary,

those who focused on the use of hydrogen as a supplemen-

tary fuel have been using bottled hydrogen. Very few have

considered its use as a by-product of electrolyser systems

[32,33].

This study focuses on the addition of hydrogen oxygen

mixture, obtained by water electrolysis, to gasoline in SI

engine. Multiple experimental tests were carried out under

different engine loads (0, 20, 50, 80 and 100 %) so as to

investigate the effect of H2/O2 addition on the brake-specific

fuel consumption, the exhaust gas temperature and the pol-

lutant concentrations in the exhaust gas (HC, CO, CO2 and

NOx ). H2/O2 was produced by water electrolyser and sent

simultaneously to the operating SI engine.

2 Experimental Set-up and Procedure

2.1 Fuel Cell

A water electrolyser was designed and manufactured in order

to generate hydrogen and oxygen. Yull Brown’s patent (1977),

a technique to decompose water (H2O) into oxygen (O2)

and hydrogen gas (H2) based on electrolysis process, was

adopted.

The main units of an electrolyser are an anode, a cathode

and an electrolyte that transmits the ions between an anode

and a cathode (electrodes). The positive current charges the

anodes which yield the electrolysis reaction of the electrolytic

solution and eventually release oxygen and hydrogen. The

electrical power that fed the electrodes was measured. The

electrolyser used in this research is basically an electrolyte

cell which decomposes distilled water (H2O) into oxygen

(O2) and hydrogen (H2).

The fundamental reactions at the electrodes of an electrol-

yser are:

Cathode reaction: 2H2O (l) + 4e → 2H2 (g) + 4OH− (1)

Anode reaction: 4OH−
→ O2 (g) + 2H2O (l) + 4e− (2)

Overall reaction: 2H2O (l) → 2H2 (g) + O2 (g) (3)

The cell electrodes were arranged inside a Plexiglas bot-

tle supplied by the required fittings and piping. Heat was

generated due to this electrolysis process. So, a potassium

hydroxide was added to accelerate the decomposition of H2O

into H2 and O2. This cell had a volume capacity of 2.5 l. The

output gas can easily be added into the combustion cham-

bers. Figure 1 shows a photograph of the electrolyser used in

this study.

2.2 Performed Engine Specifications and Modifications

The electrolyser system was connected to the engine without

any modifications. H2/O2 gas was generated in a reactor con-

tainer (Plexiglas). The general view of the experimental set-

up is shown in Fig. 2. The engine-generator (SHX2000) used

in this work and shown in Fig. 3 provides moderately 1.5 kW

on single-phase generation. It includes a four-stroke single-

cylinder air-cooled spark ignited engine (Honda GX100) of

98 cm3. The motor specifications are shown in Table 1.

Two safety devices were designed and fabricated to pre-

vent flames from reaching back to the electrolyser. The first

safety device is the flame arrestor. It helps in quenching the

flames propagating backwards by absorbing its energy. The

second safety device is the flame trap (water trap). It quenches

flames travelling backwards with great certainty.
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Fig. 1 Schematic diagram and

photograph of H2/O2 fuel cell
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Fig. 2 Schematic experimental set-up

Fig. 3 The original engine-generator

Performance tests were carried out on the engine under

variable load (0–100 %). Auxiliary equipment was used for

data measurement: a voltmeter for cell voltage; an Extech

39272 Pocket Thermometer for ambient temperature;

Table 1 Engine specifications

Bore and stroke 56 × 40 mm

Displacement 98 cm3

Compression ratio 8.5:1

Maximum torque 5.7 Nm at 3600 rpm

Dimension (L W H) 287 × 304 × 402 (mm)

Ignition system Transistorised

an InfraRed Thermometer EST-20 for exhaust gas temper-

ature; a multimeter for output voltage and current measure; a

graduated tube connected with carburettor for fuel consump-

tion; a gas analyser KOEN KEG 500 for the measurement of

NOx , HC, CO and CO2 concentration in the exhaust stream.

A power supply was also used to provide the electrolyser

with the necessary power (8 A and 12DC V).

2.3 Description of the Experimental Process and

Measurements Techniques

The engine was motored initially without H2/O2 being

inducted. All the tests were conducted at a steady-state con-

dition. The exhaust temperature, the brake-specific fuel con-

sumption, and the HC, CO, CO2, and NOx concentrations

were measured. Experiments were done at 0, 20, 50, 80 and

100 % engine loads first with pure gasoline then with the addi-

tion of 5 l/min H2/O2 mixture to the fuel. The experimental

set-up is shown in Fig. 2. In this study, H2/O2 gas mixture

has a molar ratio of 2:1. All measurements were taken after

the engine attained steady state as seen by the stability of

the exhaust gas temperature. During these experiments, the

pressure at the laboratory was 1 bar and the temperature

was maintained at 25 ◦C. All parameters were measured and

collected in each test. The mean values were calculated to

minimise measurement errors.
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Fig. 4 Variation of the

brake-specific fuel consumption

(BSFC) versus engine load
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3 Results and Discussion

3.1 Effect of H2/O2 Addition on BSFC at Different

Engine Loads

The brake-specific fuel consumption (BSFC) is a measure

of the mass of fuel consumed to produce unit power. The

measured power to produce H2/O2 has been subtracted from

the total output power of the engine-generator. In Fig. 4, the

effect of enrichment of gasoline with H2/O2 on BSFC value

at different working conditions is given. Firstly, it is notice-

able that the present results confirm the fact that for low

engine loads (20 %), BSFC is considerably higher for gaso-

line enriched with H2/O2 than for gasoline-only operation.

This increase in BSFC might be due to the importance of the

loss of power to produce H2/O2 as compared to the engine

load. Then, with the increase in the engine load, the effect of

this loss could be neglected. An important improvement in

the BSFC is obtained on H2/O2 enriched conditions. At 0.75,

1.2 and 1.5 kW (50, 80 and 100 % engine loads), a decrease

by 3, 10, and 10.4 % is, respectively, obtained using H2/O2

enriched gasoline.

This can be explained by the high flame velocities and high

calorific content of the participating hydrogen with oxygen.

In fact, the high diffusivity of hydrogen leads to a better

mixing of fuel air and hence improved combustion.

3.2 Effect of H2/O2 Addition on Exhaust Temperature

at Different Engine Loads

Figure 5 depicts the variation of exhaust gas temperature ver-

sus engine loads when using H2/O2 enriched gasoline instead

of using gasoline only. As expected, the exhaust gas temper-

ature increases with the increase in the engine loads. This

is because more fuel is introduced into the cylinder at high

loads.

As shown in Fig. 5, with the use of H2/O2, the exhaust

gas temperature decreases because of the vaporisation of

water that was produced by the combustion reaction and that

cooled the charge and reduced the average temperature of

the cylinder. This resulted in lower peak combustion temper-

atures. Furthermore, the exhaust gas temperature is mainly

influenced by the post-combustion of the fuel–air mixtures.

Since the combustion duration is shortened after the hydro-

gen blending, less fuel is burnt during the piston moving

downwards. Thereby, the exhaust gas temperature is gener-

ally reduced after the addition of H2/O2. Increasing hydrogen

fraction is beneficial for the quick and complete combustion

of the fuel–air mixtures [34]. Meanwhile, under the same

turbulence intensity, the addition of hydrogen avails the pro-

moted wrinkling of turbulent flame surface. The obtained

results are in agreement with previous research findings [32,

33].

3.3 Effect of H2/O2 Addition on HC Concentration at

Different Engine Loads

Hydrocarbons are formed because of incomplete combus-

tion of hydrocarbon fuels. In Fig. 6, the variation of the

hydrocarbons (HC) concentration depending on fuel, gaso-

line and gasoline in dual fuel mode versus engine load is

represented. The maximum HC concentration emitted by the

engine dropped from 51 to 45 ppm at 0 % engine load with

5 l/min H2/O2 induction.

At 0.3 kW (20 % engine load), enriched gasoline fuel usage

decreased HC concentration from 49 to 40 ppm. Similarly,

at 0.75 kW (50 % engine load), HC concentration decreased

from 39 to 35 ppm. At 1.2 kW (80 % engine load), it decreased

from 34 to 27 ppm. At 1.5 kW (100 % engine load),
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Fig. 5 Variation of exhaust gas

temperature versus engine load
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Fig. 6 Variation of HC

concentration versus engine

load
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it decreased from 26 to 18 ppm. At 0, 20, 50, 80 and 100 %

engine loads, a decrease by 11.7, 18.3, 10.2, 20.5 and 30.7 %,

respectively, is obtained.

With the addition of H2/O2, the hydrocarbon values

decreased due to the absence of carbon in H2/O2. This

decrease may be explained also with reference to the accel-

erated chain reactions [34]. In fact, the quenching distance

of hydrogen is shorter than that of gasoline and the crevice

effect improves with hydrogen addition. These results are

similar to those found by Refs. [18,19].

3.4 Effect of H2/O2 Addition on CO Concentration at

Different Engine Loads

Carbon monoxide is a poisonous gas which is produced by

the incomplete combustion of petroleum fuels. The relative

amount of carbon monoxide formed depends on combustion

efficiency.

Figure 7 depicts the variation of carbon monoxide con-

centration versus engine load. It is observed that there is a

reduction in CO concentration for all tested loads.

The maximum CO reduction (43 %) was obtained at 1.2 kW

engine load with 5 l/min H2/O2 addition. CO value decreased

by 18.4, 24.1, 32.1, 16.4 and 42.3 %, respectively, at 0, 0.3,

0.75, 1.5 kW engine loads with H2/O2 addition. A reduction

in CO concentration with the use of H2/O2 is observed. This

could be explained by the increase in the in-cylinder tem-

perature that intensifies the oxidation reactions of CO into

CO2 [34]. So, combustion efficiency increases with hydro-

gen fuel addition [35]. This trend is in agreement with the

results found by Ref. [32].

3.5 Effect of H2/O2 Addition on CO2 Concentration at

Different Engine Loads

Carbon dioxide (CO2) is the most prominent human made

greenhouse gas. The disparity of CO2 concentration for dif-
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Fig. 7 Variation of CO

concentration versus engine

load
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Fig. 8 Variation of CO2

concentration versus engine

load
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ferent engine loads is presented in Fig. 8. Operating with

enriched gasoline produces lower CO2 concentration than

gasoline at any operating condition. At 0, 0.3, 0.75, 1.2 and

1.5 kW, CO2 concentration was, respectively, 3.8, 4, 4.4, 6.2

and 6.3 %, (neat gasoline fuel). With H2/O2 enhancement, a

significant diminution is observed in the CO2 concentration

which decreased, respectively, to 2.7, 3.2, 3.8, 5.7 and 6.1 %.

The explanation comes from the fact that H2/O2 is a car-

bon free fuel. Many earlier findings show that the higher the

H/C ratio of the blended fuel is, the superior premixed com-

bustion is and the higher the diminution of CO2 concentration

becomes because of flame speed propagation Refs. [16–18].

3.6 Effect of H2/O2 Addition on NOx Concentration at

Different Engine Loads

Figure 9 shows the NOx concentration with the H2/O2 addi-

tion at different engine loads.

During tests, it is found that NOx formations change with

engine loads. It can be noticed that there is a large decrease

in NOx concentration with the addition of H2/O2 for all

low engine loads (0, 20 and 50 %). The NOx concentration

decreased to 71 ppm from 85 ppm with 5 l/min H2/O2 induc-

tion at 0.75 kW engine load. It can be observed from Fig. 9

that NOx concentration drastically decreased upon H2/O2

enrichment at engine loads at 0 kW (by 36.2 %) and 0.3 kW

(by 25.3 %).

At low load conditions, enriching gasoline with H2/O2

reduces NOx concentration. The explanation comes from

the fact that the evaporation of water, produced by the com-

bustion reaction, has cooled the charge; then, there was not

enough high heat release from combustion. Obtained results

at low load conditions are consistent with those found by Ref.

[32]

At high load conditions (80 % or more), it is observed that

NOx concentration increased with H2/O2 addition. At 80 %
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Fig. 9 Variation of NOx

concentration versus engine

load
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engine load, there was an increase from 222 to 281 ppm. At

100 % engine load condition, NOx concentration increased

by 23 %. The increase in the NOx concentration as shown

in Fig. 9 can be explained by the higher flame speed and

the temperature of hydrogen which increased the in-cylinder

temperature [34]. These results are in agreement with those

by Refs. [13,18].

4 Conclusion

This paper aimed to investigate the effects of hydrogen addi-

tion at different engine loads (0, 0.3, 0.75, 1.2 and 1.5 kW)

on a gasoline engine. Engine performance and concentration

were experimentally investigated when 5 l/min of H2/O2 was

introduced as supplementary fuel. Results were compared

with pure gasoline condition. The test findings are presented

below:

• H2/O2 enrichment results in reduction in BSFC. It was

decreased by an average 7.8 % with H2/O2 addition at

engine loads more than 0.3 kW.

• It was observed that the exhaust temperature had decreased

after the H2/O2 addition. This could enhance the gasoline

engine combustion and reduce the exhaust loss.

• A sharp drop of HC concentration was obtained with

H2/O2 enrichment with all the engine loads. With 5 l/min

H2/O2, the maximum HC concentration dropped from 49

to 40 ppm at 20 % engine load.

• At all engine loads, a significant reduction was observed

in CO concentration when inducting 5 l/min H2/O2 mix-

ture. CO concentration was reduced by an average of

31.8 %.

• A great diminution of CO2 concentration was observed

with H2/O2 addition. The maximum variation of the CO2

concentration was observed at 80 % of engine load. It was

reduced by 30.6 %.

• After the H2/O2 addition, NOx concentration decreased

at low engine loads. In the other hand, it increased sig-

nificantly with the increase in the engine load (more than

80 %).
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