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ABSTRACT 

Internal combustion engines propel the economy of transport. They are fueled by fossil combustibles, which 
are becoming rare at a serious rhythm. Moreover, their combustion generates many harmful pollutants and damages 
the environment. It is high time we identified alternative fuels. For instance, bioenergy provides synthetic gases in 
which hydrogen, which is extremely flammable, brings some compromise solutions. 

Hydrogen is an energetic vector of the future for the diversification of the sources of energy production. Its 
use as a clean and renewable energy becomes more and more attractive on account of environmental pressures and 
its efficiency on internal combustion engines, faced with the rise of petrol price. Safety remains one of the hindrances 
to its introduction to the market.  

Indeed, hydrogen possesses a wide range of explosiveness and a low minimum energy of ignition at a 
stoichiometric concentration. Thus, the efficiency of hydrogen injection as an auxiliary additional combustible in 
gasoline engines is no longer a doubt, but no trace allows to scientifically affirming it with certainty.  

From the results of electrochemical tests, an optimal conception of a vehicle-embarked hydrogen generator 
is proposed in this article. The aim of the work is to enrich the fuel with hydrogen through water electrolysis in 
gasoline engines.  

This hydrogen generator is a partial alternative solution to the use of black gold using blue gold. Its 
conception, its production and its use as a fuel economizer are within the reach of the Malagasy people. 
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Figure 1.1: Record oil price in 2008 [2'] 
Figure 1.2: Annual evolution of fuel prices in Madagascar 

since 1990 [1'] 

1- INTRODUCTION [3] [4] [1’] [2’] [3’] 

Internal combustion engines have more than 
150 years of history. They gave birth to what is 
arguably the largest mechanical system in the world. 
Their record is indeed impressive: 800 million 
passenger cars, an annual production capacity of 
nearly 80 million vehicles and a growth that does not 
seem to weaken despite global financial crises. 

From the late 19th century, oil enabled the 
development of this engine, and subsequently made 
the use of cars, ships and aircrafts easy. All these 
devices, recent in the history of contemporary man, 
consumed a lot of energy in their beginnings because 
of their very low efficiency. 

After the oil shock of 1973 (see figure 1.1), 
the price of a barrel of oil was trading in a range 
between $ 10 and $ 40 in the 1990s. It exceeded the 
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fateful value of $ 100 on January 7, 2008 and reached 
the record value of $ 145 in one day in that same 
year. The balance of oil prices is broken. It gave rise 
to energy saving, which has become the primary goal 
of major energy-consuming countries faced with 
several concerns: 

 fear of depletion of fossil fuels; 

 global warming, which may result from 
greenhouse gas emissions linked to the high 
consumption of hydrocarbons; 

 insecurity on the supply of energy due to the 
heterogeneous distribution of primary 
energies on the planet, thus generating 
important geopolitical stakes and technical-
socio-economic interests; 

 increase in the cost of energy resulting from 
the combination of these phenomena. 

Oil is used in all sectors of production in the 
world. It has established itself as the main source of 
industrial energy. It is also used as a raw material in 
the manufacture of lubricants, tar, plastics, fertilizers 
and various synthetic products. 

Madagascar imports oil to meet all its oil 
needs. Figure 1.2 shows the seven most significant 
prices at the pump since 1990. The evolution of these 
prices reflects the country's economic difficulties. 
There is a very rapid increase in fuel costs over time. 
The bad health of the national currency does not help. 
Coupling the rise in the price of oil with the 
devaluation of the national currency does not facilitate 
the control of inflation.  

Numerous solutions have emerged to 
overcome this problem. The fluctuation of the price of 
oil encourages men to resort to other sources of 
energy, such as water. As a scarce resource, the 
object of all lusts, tensions and conflicts in certain 
countries, water justly deserves its reputation as blue 
gold. The emergence of renewable energies 
encourages the production of hydrogen from the 
electrolysis of water. Indeed, hydrogen (H2) offers a 
very promising alternative to remedy the problems 
related to fossil energies, thanks to its 
physicochemical properties. 

2- PRESENTATION OF THE WORKS [5] [13] [14]  
[4'] [5'] 

Since the creation of the first internal 
combustion engine by Etienne Lenoir in 1860, the 
evolution of technology and engineering has given 
rise to several types of engine and various sources of 
usable energy. 

Although they are polluting, fossil fuels 
represent the vast majority of the energy sources 
used and are currently becoming depleted. 

Numerous solutions have emerged to 
remedy this deficit, namely renewable energies, which 
are at the origin of the concept of the emergence of a 
new energy source: hydrogen (H2). The latter has an 
energy density of 33 kWh/kg. It contains 3 times more 
energy than diesel and 2,5 times more energy than 
natural gas. In addition, a hydrogen-fueled vehicle is 
said to be "carbon-free" and is part of clean vehicles 
[7'] (see photograph 2.1). 

Hydrogen fuel enrichment refers to 
technologies that primarily allow the addition of 
dihydrogen to hydrocarbons used in internal 
combustion engines. The main advantage of the 
device would be the reduction in pollutant emissions 
(CO2, NOX), while improving the thermodynamic 
efficiency of equipped engines. 

There has been much research on the 
mixing of hydrogen, dioxygen and hydrocarbons. The 
result has been fuel savings and reduced emissions, 
thanks to the addition of hydrogen to conventional 
fuels. 

Charles H. Frazer, an American, was the first 
in 1918 to file a patent for the improvement of the 
combustion in the engine by the addition of hydrogen. 

In 1974, researchers at the Jet Propulsion 
Laboratory of the California Institute of Technology 
published a paper titled "On-Board Hydrogen 
Generator for a Partial Hydrogen Injection Internal 
Combustion Engine" [9]. 

In 1977, NASA carried out a study using 
hydrogen as a fuel additive, or auxiliary fuel added to 
gasoline in an engine. The experiment was 
successfully carried out with the aid of a methanol 
vapor oxidizer. 

In November 2007, the US Department of 
Transportation [4'] [15] published the official report 
"FMCSA-RRT-07-020" via the Federal Motor 
Transport Safety Administration, devoted to the use of 
hydrogen as an additional fuel for commercial 
heavy-duty diesel engines. The test devices have 
shown their effectiveness in optimizing primary 
carburization, mixed with hydrogen as fuel on an 
engine developed by Ford Motor Company (see 
photograph 2.2). 

In summary, hydrogen enrichment of fuel by 
electrolysis is promoted on vehicles as a complement 
to a primary fuel: gasoline or diesel fuel. The 
improvement in efficiency does not therefore depend 
on the principle of "conventional fuel", but on the 
addition of dihydrogen (H2) and dioxygen (O2) to the 
air intake of the engine. This is referred to as 
additional auxiliary fuel optimizing the primary 
carburation of the engine, like the injection of gas 
from the turbocharger used in the automobile and 
aeronautics since the mid-20th century. 
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Photograph 2.1: A car running on hydrogen [6'] 
Photograph 2.2: Ford V10 engine with hydrogen as 

auxiliary fuel [15] 

  

Figure 3.1: Hoffmann voltmeter used for electrolysis of 
water 

Figure 3.2: Block diagram of water electrolysis 

3- WATER ELECTROLYSIS [8'] 

Electrolysis of water is an electrolytic process 
that decomposes water into dihydrogen (H2) and 
gaseous dioxygen (O2) using an electric current. The 
electrolytic cell consists of two electrodes immersed in 
an electrolyte and connected to the opposite poles of 
a continuous current source. 

The electrodes are usually made of inert 
metal such as platinum. In this study, the electrolyte 
was water itself. 

The first electrolysis of water was carried out 
on May 2nd,1800 by two British chemists, William 
Nicholson (1753-1815) and Sir Anthony Carlisle 
(1768-1840), a few weeks after the invention of the 
first electric battery published by Alessandro Volta on 
March20th ,1800. 

3.1- PRINCIPLE AND DESCRIPTION OF THE 
ELECTROLYSIS PROCESS BY 
ELECTROCHEMISTRY [8'] 

Electrochemistry is the scientific discipline 
that deals with the relationship between chemistry 
and electricity. It describes chemical phenomena 
coupled with reciprocal exchanges of electrical 
energy. 

The electric current dissociates the molecule 
of water (H2O) into hydroxide (HO-) and hydrogen (H+) 
ions: in the electrolytic cell, hydrogen ions accept 
electrons at the cathode in an oxidation-reduction 
reaction to form gaseous dihydrogen (H2), depending 
on the reduction reaction 

2 H+ + 2 e- = > H2 (gas)         (3.1) 

whereas an oxidation of the hydroxide ions, which 
thus lose electrons, occurs at the anode in order to 
"close" the electrical circuit. Then, there is the 
balanced reaction in terms of charges 

2 H2O (liquid) = > O2 (gas) + 4 H+ (aqueous) + 4 e- 

        (3.2) 

that gives the following equation of decomposition by 
electrolysis (see figure 3.1): 

2 H2O (liquid) = > 2 H2 (gas) + O2 (gas)     (3.3) 

It can be seen that the reaction on the 
cathode consumes two electrons (see figure 3.2), 
while the one occurring at the anode releases four, 
thus producing more dihydrogen (H2) than dioxygen 
(O2). The amount of dihydrogen gas (H2) produced is 
thus twice that of dioxygen (O2). According to the 
Avogadro law, the recovered volume of dihydrogen 
gas (H2) produced is also twice as large as that of 
dioxygen (O2). 
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By convention, the current moves from the 
anode (positive electrode) to the cathode (negative 
electrode) electrically, but chemically speaking, the 
electrons move from the negative electrode to the 
positive electrode in the opposite direction. 

3.2- HYDROGEN GENERATORS 

The first electrolyzers had multipolar 
electrodes (see figure 3.3) for the production of 
dihydrogen (H2). Each anode is connected to the 
positive pole and each cathode to the negative pole of 
an electric accumulator. This multipolar device has 
the disadvantage of consuming a lot of electricity 
because the electrodes are mounted in parallel. 

According to Faraday’s law and taking into 
account the thermodynamic parameters at 25 °C, the 
electrolysis of the water in an electrolytic cell can 
theoretically take place from a low voltage of 

ETh = 1,23 V          (3.4) 

between the electrodes [11']. Thus, to compensate for 
the shortcomings of the multipolar generator (see 
figure 3.3), a bipolar generator (see figure 3.4) can be 
envisaged, comprising a neutral electrode module 
connected in series to the electrodes in order to 
reduce the voltage and the intensity of the current per 
cell of the generator during the electrolysis of the 
water, while producing more dihydrogen. 

By replacing the electrodes of the 
electrolyzer with stainless plates, a "dry cell" hydrogen 
generator is obtained (see photograph 3.1). Its 
particularity is to have electrodes in the form of plates, 
which, in contrast to the "wet cell" type, possess more 
metallic surfaces in contact with water. Thus, the 
current sent to the "dry cell" is used more efficiently, 
which makes it possible to produce more gases at low 
voltage and intensity per cell. 

  

Figure 3.3: Multipolar hydrogen generator Figure 3.4: Bipolar hydrogen generator 

  

Photograph 3.1: Dry cell hydrogen generator Figure 3.5: Mounting the dry cell on an internal combustion 
engine 

4- FARADAY'S LAWS 

In 1834, Michael Faraday established the 
relationship between the quantity of chemicals formed 
at the electrode and the amount of charge or 
electrons passed during electrolysis. 

The measured electrical current is the 
number of electrons transferred per second 

Q = I . t 

Q being the charge in Coulomb, I the intensity in 
Ampere and t the time in seconds. 

The Author has stated the following two laws 
which make it possible to determine the magnitude of 
the electric charge borne by the two ions. 

4.1- FARADAY'S FIRST LAW 

The amount of substance released during 
electrolysis at an electrode is proportional to time and 
electrical current. 

For a Faraday Fr of charges, one mole of 
gas produced is obtained by 

Fr = Na . e = 96 485 Coulomb/mol         (4.1) 
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Fr being the Faraday constant, Na the Avogadro 
number (6,02214040 x 1023 mol-1), and e the 
elementary charge of an electron (1,602 x 10-19 C). 

4.2- FARADAY'S SECOND LAW 

The weights of various bodies separated 
from the electrodes by the same quantity of electricity 
are to each other as their chemical equivalents. This 
law connects the mass formed at an electrode with 
the released charge. 

 M . Q        M . I . t 
m = ----------- = -------------         (4.2) 

 z . Fr          z . Fr 

m being the mass [g] formed at the electrode, M the 
molar mass [g/mol], z the valence of the substance (1 
for hydrogen, 2 for oxygen), I the intensity [A] of the 
current, t the time [s] and Q the charge in Coulomb. 

5- CHEMICAL THERMODYNAMIC  
APPROACHOF A HYDROGEN GENERATOR 

The principles of thermodynamics, in fact 
principles because not demonstrated, are the 
principal laws governing thermodynamics: 

 first principle of thermodynamics: principle of 
conservation of energy by introducing the 
internal energy function U; 

 second principle of thermodynamics: 
principle of evolution, creation of entropy S; 

 third principle of thermodynamics or Nernst 
principle: the entropy of a pure body is zero 
at the temperature T of 0 °K. 

There are sometimes two other principles: 

 zero principle of thermodynamics: 
temperature is a markable quantity; 

 fourth principle of thermodynamics, as the 
name given to Onsager's theory: there exists 
a linear relation between volumetric currents 
and thermodynamic forces. 

 

 

Figure 5.1: Hoffmann voltmeter used for 
electrolysis of water 

Figure 5.2: Block diagram of water electrolysis 

STATE 
FUNCTION 

WATER 
(H2O)LIQUID 

HYDROGEN 
(H2)GASEOUS 

OXYGEN  
(O)GASEOUS 

ENERGY 
VARIATION 

Enthalpy H 
[kJ/mol] 

285,83 0 0 H = 285,83 

Entropy S 
69,91 

[J.K-1/mol] 
130,68 

[J.K-1/mol] 
0,5 x 205,14 
[J.K-1/mol] 

Q = T.S = 48,7 
[J/mol] 

Table 5.1: Thermodynamic state function values at temperature T of 298 °K and at atmospheric pressure 

5.3- CHEMICAL THERMODYNAMIC APPROACH 
OF WATER ELECTROLYSIS [8'] 

The water molecule H2O is formed by two 
hydrogen atoms and one oxygen atom. It is a pure 
substance and can only be broken by physical 
means. Electrolysis of water is the process which, 
thanks to an electrolytic cell, allows the separation 
of the water molecule into its two constituent 
elements: dihydrogen and dioxygen. 

5.3.1- Modeling of the process of dissociation of 
water into hydrogen and gaseous oxygen 

By supplying electrical energy to an 
electrolytic cell, water can be dissociated into diatomic 
molecules (H2 + ½ O2). Figure 5.1 shows the different 
chemical thermodynamic potentials. 

In figure 5.2, we define: 

 ∆H, the variation of the total energy of the 
system for one mole of water; 
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 ∆Q, the amount of heat for one mole of water 
supplied by the environment, including 
temperature and entropy (∆Q = T. ∆S); 

 ∆Wc, the variation of the kinetic energy of 
hydrogen gases (∆Wch) and oxygen (∆Wco) 
products. It represents the overall movement 
of the outgoing gases for one mole of water 
(∆Wc = ∆Wch + ∆Wco); 

 ∆G, the variation of the free energy 
necessary for the decomposition of one mole 
of water. 

Electrolysis of one mole of water produces 
one mole of hydrogen and a half mole of oxygen in 
the form of gas. The process of dissociation of water 
into hydrogen and oxygen is modeled using the first 
principle of thermodynamics and chemical 
thermodynamic potentials. 

Assuming a thermodynamic evolution at 298 
°K (25 °C) and at atmospheric pressure, the 
thermodynamic values obtained from the various 
state functions are deduced from table 5.1. 

The enthalpy represents the expansion 
energies of the produced gases and the dissociation 
of water into hydrogen and gaseous oxygen. 

By neglecting the variation of the kinetic 
energy of the outgoing gases (∆Wc = 0) at the 
beginning of the reaction, the variation of the total 
energy ∆H of the system cannot represent alone the 
electrical energy consumed. As the S entropy 
increases during the thermodynamic transformation, 
the environment provides the heat quantity T.∆S at 
the temperature T of 298 °K. Therefore, the minimum 
electrical energy supplied by the battery under 
favorable conditions is therefore the variation of the 
free energy of Gibbs 

G =H – T.S = 237,13 kJ/mol         (5.1) 

Starting from the relation (4.1), Faraday’s law 
states that the variation of the free energy necessary 
for the decomposition of one mole of water is written 
[7] [13'] 

G = ne . Fr . ETh          (5.2) 

under a potential difference ETh under favorable 
conditions, while consuming two electrons (3.1) at the 
beginning of the reaction, at the cathode and then 
releasing four at the anode (3.2). It is then deduced 
from the relation (5.2) 

G 
ETh = -------- = 1,228 V ~ 1,23 V         (5.3) 

  2 . Fr 

The law of Faraday (3.4) is deduced. These 
considerations make the conversion of water into 
hydrogen and gaseous oxygen difficult in a normal 
environment, which is difficult to carry out without the 
contribution of electrolyte solution. 

5.3.2- Kinetics of water electrolysis reaction [7] 

Two water electrolysis voltages can be 
defined from the equation (5.1): 

 the first is obtained from G, and only 
corresponds to the electrical energy demand 
necessary for the electrolysis reaction of the 
water, called minimum thermodynamic 

voltage. This represents the reversible 
voltage for the water dissociation reaction; 

 the second is the enthalpic voltage, also 
known as the thermo-neutral voltage of the 
reaction. It is obtained from H and 
represents the total energy required for the 
reaction to take place. These two 
characteristic voltages of the water 
dissociation reaction can be defined as 
follows: 

G 
UReversible = UThermodynamic = ETh = ------- = 1,23 V  (5.4) 

            2 . Fr 

H 
UEnthalpic = UThermoneutral = ------- = 1,48 V     (5.5) 

 2 . Fr  

 
Figure 5.3: A characteristic curve of the voltage 
across the electrodes of an electrolyte cell as a 

function of the current intensity [7] 

Figure 5.3 shows the evolution of the 
phenomena characterizing the main results obtained 
by electrochemical and thermodynamic approaches. 
In practice, the electrolysis of water can only be 
carried out at a voltage well above 1,48 V 

UCell >> UThermoneutral = 1,48 V         (5.6) 

in order to ensure correct dissociation of water into 
hydrogen and gaseous oxygen. Indeed, the second 
Faraday’s law (4.2) demonstrates that the mass of 
gas formed at an electrode is proportional to the 
intensity ICell of the current, whatever the voltage 
applied between the terminals of the cell is. The ICell 
intensity is then the predominant parameter in the 
formation of hydrogen. 

6- EXPERIMENTAL METHOD OF ELECTROLYSIS 

The proposed experimental method consists 
of scientifically testing the validity of previous 
approaches by repeated experiments. Using physical 
measurements and new qualitative and quantitative 
data allows us to confirm the initial hypotheses. 

Indeed, nowadays, there is no judicious 
formulation exhaustively dealing with the enrichment 
of fuel by hydrogen. To be credible, scientific 
experiments are distinguished by the application of a 
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protocol of measurements, allowing a precise 
reproduction of a particular electrolysis. 

For this purpose, it was decided to carry out 
the measurements on a cell of a hydrogen generator 
of the "dry cell" type. 

6.1- GEOMETRIC CONFIGURATION OF THE 
HYDROGEN GENERATOR 

Figure 3.5 shows an installation kit. The 
water is stored in a reservoir placed at the top of the 
"dry cell" type generator (see photograph 3.1). It 
descends by gravity towards the plate-shaped 
stainless electrodes, which are closely spaced apart 
by seals, thus forming one or more series of bipolar 
electrolytic cells called modules (see figure 3.4). A 
module connection in parallel defines the essential 
elements of the hydrogen generator. 

Figure 6.1 shows a "dry cell" type generator 
composed of two modules connected in parallel. In 
this study, each module has three electrolytic cells 
mounted in series (see figure 6.2). The mounting of 
the neutral plates between the electrodes increases 
the metal surface in contact with the water, which 

makes it possible to produce more hydrogen for the 
same intensity of current passing through a module. 

When the generator is powered with 
electricity, there is production of high pressure gas, 
which naturally rises by partially bringing the water 
back into the tank (see figure 3.5). The gas then 
escapes through an outlet situated above the level of 
the water of the tank in order to be injected into the air 
intake pipe and then sucked by the pistons of the 
engine. This allows not storing hydrogen for safety 
reasons. This system is fuel efficient and less 
polluting. 

6.2- GEOMETRIC DEFINITION OF HYDROGEN 
GENERATOR 

A module is defined in figure 6.2 by an 
assembly of bipolar plates delimited by the anode and 
the cathode. In this example, there are two neutral 
plates and two electrodes forming three electrolytic 
cells connected in series. 

In a generator composed of several modules 
(see figure 6.1), the neutral (grey), positive (red 
anode) and negative (green cathode) plates are 
geometrically defined in figures 6.3 and 6.4. 

 
 

Figure 6.1: A "dry cell" type generator composed of two 
modules connected in parallel 

Figure 6.2: A "dry cell" type generator equipped with 
three cells mounted in series 

 

 

Figure 6.3: Geometric definition of neutral and 
positive plates 

Figure 6.4: Geometric definition of the three types of negative 
plates: upstream, intermediate and downstream. 
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Photograph 6.1: An aqueous electrolytic solution 
Figure 6.5: Evolution of the aqueous solubility of sodium 

bicarbonate as a function of temperature 

6.3- EXPERIMENTAL CHARACTERIZATION OF A 
CELL OF THE GENERATOR 

Pure water conducts little electricity, which 
leads to the use of a water-soluble additive, called 
electrolyte (see photograph 6.1), to improve its 
conductivity, in other words, to ensure that the 
electrical potentials involved allow the chemical 
reaction. 

6.3.1- The electrolyte used [16'] 

Generally, potassium hydroxide (KOH)or 
sodium hydroxide (NaOH) or sodium bicarbonate 
(NaHCO3) is used in order of efficiency in the 
hydrogen generators embedded in the vehicles. 
However, sodium bicarbonate (NaHCO3, see 
photograph 6.1) was chosen because of its benefits: 

- available at the local grocery store; 

- cheap; 

- safe; 

- very good gas production. 

6.3.2- Physicochemical properties of sodium 
bicarbonate [17'] 

Sodium bicarbonate (NaHCO3) has a low 
aqueous solubility. To avoid the formation of 
electrolyte deposits in the generator, its mass 
concentration C in a liter of water must not exceed the 
maximum permissible values CAd, which are a 
function of the temperature Ɵ of the electrolyte (see 
figure6.5). Below these limits: 

- 69 g of sodium bicarbonate in one liter of 
cold water at a temperature Ɵ of 0 °C; 

- 81,5 g/L at 10 °C; 

- 96 g/L at 20 °C; 

- 111 g/L at 30 °C; 

- 127 g/L at 40 °C; 

- 144,5 g/L at 50 °C; 

- 164 g/L at 60 °C; 

- and 197 g/L in hot water at 80 °C. 

Since the dissolution is practically carried out 
at a temperature Ɵ of 20 °C, the following rule was 
generally used: 

C < CAd = 96 g/L          (6.1) 

6.3.3- Intensity of the current through a cell as a 
function of the concentration of the 
electrolyte 

Starting from the energy balance of the 
electrolysis of water in a cell of the generator (see 
figure5.2), the voltage at the terminals of the cell 
transforming water into gas can be written (see figure 
6.6) as follows: 

UCell = (RThermodynamic + RElectrodes + RResistance) . ICell 

wether 

ICell = G . UCell          (6.2) 

where G is the conductance of a cell. 

For a given concentration of electrolyte (C = 
48 g/L, see figure 6.7), the intensity ICell of the cell and 
the voltage UCell were measured using a Metrix. The 
electrochemical reaction started at 3 V. Subsequently, 
significant and continuous gas production was 
observed at 4 V. Above the latter, the heat generated 
by the generator manifested itself. 

By applying a voltage of UCell = 4 V to the 
terminals of an electrolytic cell, figure6.7 shows the 
evolution of the ICell intensity as a function of the 
concentration C in one liter of water at 20 °C. By 
satisfying the solubility conditions (6.1), the higher the 
concentration of the electrolyte is, the more its 
electrical conductivity improves and the more the 
intensity passing through the cell increases until the 
permissible concentration CAd (6.1) is affected. This 
has the consequence of increasing the production of 
gas according to Faraday’s law (4.2). Moreover, the 
intensity of the cell decreases for high concentrations 
due to the saturation of the electrolyte. 

As part of the design of a hydrogen 
generator, the electrolyte used will be defined in the 
region of solubility of figure 6.7. To do this, the 
electrolysis can be simulated by linearly 
approximating the curve representing the evolution of 
the intensity of a 4 V cell in this zone as a function of 
the concentration C in one liter of water [g/L] at 20 °C, 
in order to optimize the generator from the equation 

ICell = 0,01045 C + 0,56818         (6.3) 
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which remains valid for a concentration C, 

48 g/L < C < 96 g/L          (6.4) 

or in terms of intensity 

1,07 A < ICell < 1,53 A         (6.5) 

6.3.4- Faradic efficiency of the electrolytic cell 

The Faradic yield of the electrolytic cell is 
determined by the equation 

 ETh = 1,23 V 
ƞF = ------------------- = 30,75 %         (6.6) 

UCell = 4 V 

 

 

Figure 6.6: Electrical analogy at 
the terminals of an electrolytic cell 

Figure 6.7: Intensity evolution of a cell 4 V as a function of the mass 
concentration C of the electrolyte in one liter of water at 20 °C 

7- OPTIMAL DESIGN OF THE HYDROGEN 
GENERATOR 

Hydrogen has a wide explosion range 
between 4 % and 75 % at ambient pressure and 
temperature (see figure 7.1). Its minimum ignition 
energy varies depending on the concentration of 
hydrogen and oxygen. At the stoichiometry defined by 
the reaction of a hydrogen molecule with an oxygen 
half-molecule, or by 29,5 % in volume of hydrogen in 
the air, this energy is only 17 μJ (see figure 7.1), 
while a spark plug must provide a spark energy of 
more than 10 mJ to initiate combustion in gasoline 
engines [8]. 

 
Figure 7.1: Hydrogen explosion range [6] 

The self-ignition temperature of hydrogen 
is 585 °C. It is higher than that of most other 
flammable gases [6]. 

In a confined explosion, the rate of 
deflagration of the hydrogen flame is fairly stable. It 
can reach more than 30 m/s at the end of the 
combustion, which is higher than that of conventional 
fuels of thermal engines [11] [20']. 

The term "HHO" refers to the 
stoichiometric mixture resulting from the 
electrolysis of water. Indeed, twice as much 
gaseous dihydrogen (H2) as dioxygen (O2) is 
produced by volume. Thus, the electrolysis of water is 
a "HHO" generator that produces not only hydrogen, 
but also oxygen. Hydrogen is injected as an auxiliary 
combustible, and the oxygen produced as a 
supplemental oxidizer in internal combustion engines. 

From the test results, Ford Motor Company 
[4'] [15] developed a motor allowing to optimize 
primary carburization mixed with hydrogen as a fuel 
(see photograph 2.2). Hence, the motor operates with 
a HHO-gasoline mixture as high as 86-1, 
compared with that of air-gasoline 15-1 for 
conventional gasoline engines, which offers: 

- rapid ignition because hydrogen has a very 
low ignition energy to ignite poor mixtures; 

- more complete combustion reaction; 

- final combustion at low temperature; 

- a reduction in emissions of pollutants in 
exhaust gases, such as nitrogen oxides; 
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- and an improvement of approximately 25% 
in engine efficiency, resulting in significant 
fuel savings. 

According to Faraday's second law (4.2), the 
gas production capacity is proportional to the intensity 
passing through the generator. Thus, the mass 
concentration C of the electrolyte (see figure 6.7) 
plays a major role in the search for the maximum flow 
rate of the gases produced and injected into the 
engine. But, it is not the only factor. There are also: 

- the temperature. Indeed, if the water of the 
electrolyte is hot, the solubility (see figures 
6.5 and 6.7) improves, thus also the 
electrical conductivity. As a result, the 
powering intensity increases and the 
generator produces more HHO gas; 

- the maximum voltage per cell limiting 
electrical losses transformed into heat by 
joule effect. In this case, it is fixed at 4 V at 
the terminals of a cell (see figure 6.6). Below 
this value, the generator produces less gas; 

- the electrolysis surface, that is, the larger the 
area of the plates (see figures 6.3 and 6.4) in 
contact with the electrolyte is, the more the 
generator produces HHO gases. 

In summary, the number of plates and their 
mounting modes, in series and in parallel, in a bipolar 
generator (see figures 3.4 and 6.1) and the mass 
concentration of the electrolyte play an important role 
in the search for the optimum production capacity of a 
hydrogen generator. 

7.1- MODELING OF A MODULE OF THE 
HYDROGEN GENERATOR 

There is no universal formula determining 
the hydrogen production capacity of a generator as a 
function of the intensity, or the concentration C in 
electrolytes of the water because of the points 
mentioned above. Indeed, the electrical and 
geometrical configurations of a generator can vary 
according to designers and vehicles. 

7.1.1- Electrochemical definition of a module 

A module is defined in figure 7.2 by an 
electrical connection of cells in series. If a vehicle 
equipped with a 12 V (UModule = 12 V) battery is used, 
with a voltage limit of 4 V per cell (UCell = 4 V) as 
defined by the results of electrochemical and 
thermodynamic tests (see figure 6.6), three cells (NCell 
= 3) should be assembled in series per module. From 
the Ohm’s law and the relation (6.4), the intensity 
passing through a module is deduced as a function of 
the concentration C of electrolytes in the solubility 
zone of figure 6.7. 

IModule = ICell = 0,01045 C + 0,56818        (7.1) 

7.1.2- Hydrogen production capacity per module 

According to Faraday’s law (4.2), the mass 
[g] of gas produced by an electrode in this case, that 
is to say, by the surface of a plate in contact with the 
electrolyte in figure 7.2, is written 

M . IModule . t 
m = -----------------         (7.2) 

z . Fr 

where M is the molar mass (2,01588 ± 0,00014 g/mol 
for hydrogen), z the valence of the substance (1 for 
hydrogen), IModule the current intensity and t the time. 
Thus, the surfaces of the five plates (NS = 5, see 
figure 7.2) supplying hydrogen have a production 
capacity [g/s] per module 

NS . M . IModule 

CPModule = m / t = --------------------         (7.3) 
z . Fr 

or numerically as a function of the intensity passing 
through a module 

CPModule = 104 466 . 10-9 . IModule         (7.4) 

or as a function of the concentration C of the 
electrolyte (7.1) 

CPModule = (1 091,67 C + 59 355,49) . 10-9  (7.5) 

7.1.3- Power per module supplied by hydrogen 

Hydrogen is the most energetic chemical per 
unit of mass [18']. Its calorific value PC is between the 
two following values: 

120 kJ/g < PC < 143 kJ/g         (7.6) 

The power PModule provided per module can 
be calculated as a function of the mass production 
capacity CPModule. 

PModule = PC . CPModule             (7.7) 

Considering the lower calorific value of 120 
kJ/g and introducing the intensity using the relation 
(7.4), this power (7.7) is expressed in Watts [W]. 

PModule = 12,536. IModule         (7.8) 

By using the mass concentration C of the 
electrolyte through the relation (7.1), the latter 
expression is written 

PModule = 0,131 C + 7,1227         (7.9) 

7.2- OPTIMUM CONFIGURATION OF THE 
HYDROGEN GENERATOR 

To ignite, the air-gasoline mixture contained 
in the cylinder must undergo an increase in 
temperature, allowing to carry a part of its mass 
above its ignition temperature of 380 °C. The 
ignition of gases is caused by the electric arc of the 
spark of a spark plug placed in the combustion 
chamber. The calorific energy of the gases, generated 
by the electrical energy of more than 10 mJ of this 
spark [8], raises the temperature of the mixture locally 
and ignites it in a small area close to the spark plug. 
As the combustion is triggered, the rest of the mixture 
ignites in successive layers around the ignition point 
(see figure 7.3). In other words, the ignition system 
must convert low-voltage electrical energy into 
sufficient heat energy to initiate combustion of the air-
gasoline mixture. 

Hydrogen is an extremely flammable gas. Its 
minimum ignition energy is only 3 μJ in pure 
oxygen and 17 μJ in the air (see figure 7.1). It is 
much more inferior than the energy of the electric arc 
of a spark plug, which is more than 10 mJ [8], an 
asset and an important point for the safety of the 
electrolyzers and the hydrogen generators. 
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Thus, the injection of hydrogen as an 
auxiliary fuel into gasoline engines stores additional 
energy, making it possible to condition the calorific 
energy generated by the electric arc of the spark plug, 
which must be sufficient for the ignition, but not 
generally effective to provoke, at low temperatures, 
a rapid and complete combustion of the air-gasoline 
mixture in the combustion chambers. 

Consequently, the efficiency of the hydrogen 
enrichment of the air-gasoline mixture can be 
achieved only by improving the mass production 
capacity, which remains very low (7.4) for a module. 
One of the solutions then consists of designing a 
generator equipped with several modules electrically 
connected in parallel. Figure 7.4 shows the geometric 
definition of a generator with NModule identical 
modules. 

7.2.1- Hydrogen production capacity of a 
generator 

To increase the hydrogen production 
capacity, one of the solutions then consists of using a 
generator equipped with NModule identical modules 
electrically connected in parallel. Thus, from the 
expression (7.4), the hydrogen production capacity of 
the generator can be written as follows 

CPGenerator = 104 466 . 10-9 . NModule . IModule  (7.10) 

or as a function of the intensity IGenerator passing 
through the generator 

CPGenerator = 104 466 . 10-9 . IGenerator       (7.11) 

where 

IGenerator = NModule . IModule          (7.12) 

Depending on the concentration C of the 
electrolyte, the following expression is deduced from 
the equation (7.1) 

CPGénérateur = NModule . (1 091,67 C + 59 355,49) . 10-9 
(7.13) 

7.2.2- Power supplied by the hydrogen released 
by a generator 

The power PGenerator supplied by NModule 
identical modules of the generator can be calculated 
as a function of the modular power PModule using the 
expression 

PGenerator = NModule . PModule 

By using the relation (7.8) and the intensity of the 
generator (7.12), the power in Watts [W] is 

PGenerator = 12,536 . IGenerator       (7.14) 

7.2.3- Optimal intensity powering the hydrogen 
generator 

Stoichiometry, from the Greek stoikheion and 
metron, meaning "element" and then "measure", 
refers to the study of the ideal proportions of elements 
that permit a complete, clean and waste-free chemical 
reaction. Thus, the concentration of fuel in the 
oxidizer is also a determining factor in determining 
whether the combustion can take place. The minimum 
concentration permitting combustion is called the 
"Lower Explosion Limit (LEL)" and the maximum 
concentration the "Upper Explosion Limit (UEL)". The 
area bounded by the LEL and the UEL is the range of 
explosiveness. The oxygen concentration limit can be 
defined as the highest oxygen content below which 
the explosion becomes impossible. In this study, on 
the one hand, the hydrogen generator produces HHO 
resulting from a stoichiometric mixture of the 
electrolysis of the water and, on the other hand, the 
carburetor or the injection system of the engine 
regulates the air-gasoline mixture at stoichiometry 
"15-1". 

 

 

Figure 7.2: Electrochemical definition of a module of the 
bipolar hydrogen generator 12V 

Figure 7.3: Diagram of propagation of the flame front 
in a cylinder 
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Figure 7.4: Geometric definition of a hydrogen 
generator composed of identical modules 

connected in parallel 

Figure 7.5: Design solutions for a hydrogen generator powered by 
9 A and delivering ignition energy of 33.84 mJ 

Thus, three conditions must be met for 
combustion: 

- the presence of one or several fuels with a 
concentration in their range of 
explosiveness: hydrogen and/or gasoline. 
The latter, of chemical formula C7H16, has a 
mass composition of 84 % carbon and 16 % 
hydrogen; 

- the presence of an oxidant: oxygen with a 
concentration higher than its limiting 
concentration; 

- ignition energy: electric arc of the spark of a 
spark plug, hot spot created by the ignition of 
hydrogen in the combustion chamber, 
exceeding the minimum ignition energy of 
the air-gasoline mixture to initiate the 
combustion of this mixture. 

The optimization of a generator then begins 
with the determination of the minimum energy to be 
supplied by the hydrogen for an ignition delay of the 
air-gasoline mixture. This delay is generally between 

0,3 ms < TInflammation < 0,5 ms       (7.15) 

at the start of the combustion. To be efficient, this 
energy is the minimum energy delivered by the 
electric arc of the spark of a spark plug [8] 

(ESpark plug)Min = 10 mJ       (7.16) 

Starting from relations (7.14) to (7.16), it is then 
possible to deduce the minimum intensity passing 
through the hydrogen generator 

 

(ESpark plug)Min 

(IGenerator)Min = ------------------------------- 
12,536 . (TInflammation)Min 

hence 

(IGenerator)Min = 2,66 A       (7.17) 

Furthermore, the maximum permissible 
intensity passing through the generator is set 
according to the power of the alternator of the vehicle. 
By devoting 30 % of the load current of an alternator 
of 30 A to power the generator,  

(IGenerator)Max = 9 A        (7.18) 

Since the objective is to deliver the maximum 
permissible power of the generator, the optimal 
intensity powering the generator is deduced from 
relations (7.14) and (7.18) 

IOptimal = (IGenerator)Max = 9 A       (7.19) 

7.2.4- Optimal configuration of a hydrogen 
generator 

The expression of the intensity of the 
hydrogen generator can be deduced from relations 
(7.1) and (7.12). The number of modules NModule and 
the mass concentration C of the electrolyte give 

IGenerator = NModule . [0,01045 C + 0,56818]   (7.20) 

From this last relation and the constraints (6.4), (7.17) 
and (7.19), the different solutions relating to the 
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design of a hydrogen generator are given by the 
following system of equations: 

IOptimal = NModule . [0,01045 C + 0,56818] = 9 A 

(7.21) 
48 g/L < C < 96 g/L 

By powering the hydrogen generator with the 
optimum intensity of 9 A (7.19), three pairs of 
solutions (C = 53,28 ; NModule = 8), (C = 68,66 ; NModule 
= 7) and (C = 89,17 ; NModule = 6) of the system of 
equations (7.21) determining the mass concentration 
C of the electrolyte and the number of modules 
NModule, can be seen on the figure 7.5. Considering an 
ignition delay of 0,3 ms (7.15), the ignition energy 
delivered by hydrogen for the combustion of the air-
gasoline mixture is estimated using the power in 
(7.14) and has a value of 

EHydrogen = 33,84 mJ       (7.22) 

It is three times greater than the electric arc of the 
spark plug (7.16), 

EHydrogen > 3 (ESpark plug)Min         (7.23) 

and this energy makes it possible to improve the 
ignition of the air-gasoline mixture triggered by this 
arc. 

Since the cost of the electrolyte is negligible 
compared to the cost of the stainless steel plates (see 
figures 6.3 and 6.4), the minimum mass criterion of 
the generator is adopted while imposing the optimum 
intensity. In other words, sit results in the design of a 
hydrogen generator with a reduced number of 
modules, while providing, with the spark plug, an 
additional maximum admissible energy intended to 
quickly ignite the air-gasoline mixture. The objective is 
to obtain a complete and efficient combustion during 
the operation of the engine. 

For a supply current of 9 A, the optimal 
solution consists of designing a six-module 
hydrogen generator and using an electrolyte with 
a mass concentration of 89,17 g/L of sodium 
bicarbonate (NaHCO3) in water at 20 °C (see figure 
7.5). 

8- CONCLUSION AND PERSPECTIVES 

The first water-powered car was in 
circulation in the United States in 1929. Elsewhere, 
there were several inventions of the same type, but 
there is no trace of this with certainty. Indeed, there is 
no precise solution published in the literature on the 
enrichment of fuel by hydrogen. The invention of 
water-powered cars leaves only few scientific writings. 
This is a taboo subject: everyone is aware of the work 
on hydrogen, side lined because of the financial 
impacts associated with oil substitution. 

In operational vehicles in Madagascar, there 
are often old engines designed to be fueled with high 
octane leaded super or the most modern and with a 
high performance fueled with unleaded super 98. But, 
for various reasons, unleaded gasoline 95 is the only 
imported. This is a situation which requires 
technological innovations by automotive technicians 
to overcome the problems of energy saving and 
environmental constraints. 

Faced with the constant increase in the price 
of petroleum fuels, the gasoline bill at the end of the 
month becomes more and more large. In addition, the 
air pollution created by exhaust emissions from 
vehicles of all kinds remains unbearable in large 
cities. The hydrogen generator makes it possible to 
remedy these two problems by proposing an efficient 
solution at a lower cost. 

First, it should be understood that hydrogen 
is not used as the main fuel since the available 
electric power of the vehicle to power the hydrogen 
generator is limited and relatively low compared to the 
mechanical energy to be developed by the engine. 
Otherwise, it would be interesting to use an electric 
motor by virtue of the principle of conservation of 
energies (WElectric = WMechanics). Thus, the objective is 
to improve the ignition triggered by the electric arc of 
the spark of the spark plug in the combustion 
chamber of a gasoline engine using HHO gases. 
Scientific tests carried out by NASA have shown that 
the addition of hydrogen to the air-gasoline mixture 
improves the combustion of gases. By injecting a 
small amount of HHO gas into the air intake of the 
engine, combustion becomes rapid and complete. 
This explains the reduction in fuel consumption of the 
vehicle. In addition, as the fuel is fully consumed, 
emissions of major pollutants such as carbon 
monoxide and carbon dioxide are drastically reduced 
by 80 %.  

The effectiveness of injecting HHO gas as 
auxiliary fuel into gasoline engines is no longer 
scientifically doubted. This technique offers several 
benefits: 

- hydrogen is a light gas and occupies more 
volume in the combustion chamber than 
gasoline vapors. The supercharging in HHO 
gas is strongly recommended to increase the 
power of the engine; 

- the propagation of an initially slow hydrogen 
flame can reach a very high speed in 
confined explosion. Thus, high flame 
acceleration can be achieved over a very 
short distance. This makes it possible to 
obtain rapid inflammation of air-gasoline 
mixtures, even if the latter are poor; 

- the low ignition energy of HHO gases, 3 μJ 
in pure oxygen and 17 μJ in the air, and the 
self-ignition of hydrogen at 585 °C means 
the ignition of the air-gasoline mixture by the 
energy of the spark of more than 10 mJ of a 
spark plug below the ignition temperature of 
380 °C of conventional gasoline engines, 
which gives a rapid and complete 
combustion of this mixture from low 
temperatures; 

- the result is an average fuel economy of 25 
% on a passenger vehicle and a reduction in 
the emission of pollutants. The hydrogen 
generator is then a fuel saver. 

However, the abnormal rise in engine 
temperature must be constantly checked. This is due 
to technical faults: incorrect adjustment of the air-
gasoline mixture, lack of liquid or engine cooling 
system malfunction, etc. Indeed, the presence of hot 
gases in the combustion chamber or high 
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temperatures on the walls of the cylinder, the piston 
and the cylinder head can prematurely trigger the 
ignition of hydrogen during the compression stroke of 
the piston of the engine, just before the ignition of the 
spark plug. This leads to the appearance of knocks 
and flame returns and then requires a possible 
correction of the angle of advance at the ignition of 
the engine. It is also necessary to provide an air-to-air 
intercooler, when using turbochargers. 

In this article, obtaining some modest results 
from electrochemical tests allowed to develop, from a 
mechanistic view, an energy approach intended to 
design an optimal hydrogen generator. The results 
obtained open the way to many applications, among 
others: 

- checking the efficiency of fuel enrichment by 
hydrogen in a gasoline engine; 

- extending the work to include diesel engines; 

- confirmation of the results obtained by 
chemical thermodynamic approaches; 

- the preservation of the vehicle battery by the 
design of a regulator, varying the intensity     
passing through the hydrogen generator as a 

function of the alternator load current and the 
engine speed; 

- the specification of safety rules in the 
production of hydrogen: HHO gas leaks, 
limitation of the flow of HHO gases 
produced, risks of explosion, prevention of 
phenomena associated with hydrogen, 
dimensioning of various electrical and 
mechanical equipment, etc. 

Besides, HHO gases today have many uses, 
which are certainly not all known. The areas where 
they can intervene are: 

- aerospace in the context of rocket launches, 
for example; 

- welding and cutting of metals by torch; 

- the manufacture of glass and precious 
stones, etc. 

Finally, this article aims to show in a simple 
way a solution of partial substitution of the black gold 
by the blue gold. It makes it possible to satisfy the 
energy needs of the population of Madagascar in the 
long term by the design, manufacture and use of a 
fuel saver within the budget of the Malagasy people. 
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