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1.1.

Hydrogen production

It is essential to understand that hydrogen is not an energy source, but rather an energy
carrier. And although hydrogen may be the most abundant element in the universe, pure
hydrogen H2 does not exist naturally. Hydrogen can be produced from a variety of feedstock.
These include fossil resources, such as natural gas and coal, as well as renewable resources,
such as biomass and water with input from renewable energy sources (e.g. sunlight, wind,
wave or hydro-power). A variety of process technologies can be used, including chemical,
biological, electrolytic, photolytic and thermo-chemical. Each technology offers unique
opportunities, benefits and challenges. Local availability of feedstock, the maturity of the
technology, market applications and demand, policy issues and costs will all influence the
choice and timing of the various options for hydrogen production.
Several technologies are already available in the marketplace for the industrial production of
hydrogen. The first commercial technology, dating from the late 1920s, was the electrolysis
of water. In the 1960s, the industrial production shifted slowly towards a fossil-based
feedstock, which is the main source for hydrogen production today. Currently, global
hydrogen production (which rounds to some 40 million tons per year) is 48% from steam
reforming of natural gas, 30% from partial oxidation of oil, 18% from coal gasification and
only 4% from water electrolysis.
Although hydrogen is often touted as a clean energy resource, it is only as clean as the energy
feedstock and technologies used to produce it. Currently, the most prevalent and leastexpensive way to produce hydrogen is to derive it from natural gas through a process called
steam reformation. That process, however, generates CO2 as a by-product. Hydrogen also
can be derived from water through electrolysis, but if the electricity is generated from a coalfired power plant, the clean hydrogen also carries with it the upstream emissions associated
with coal production, transportation and use.

1.1.1. Hydrogen from fossil fuels
Hydrogen can be derived from hydrogen-rich fossil fuels through a variety of processes.
Currently, the most prevalent and least-expensive way to produce hydrogen is to derive it
from natural gas through a process called steam reformation. Hydrogen can also be
“harvested” from coal, through gasification. In this section, the production of hydrogen from
natural gas and coil will be discussed.
1.1.1.1.

Production from natural gas

1.1.1.1.1.

Steam reforming

Steam reforming of natural gas is currently the least expensive method and is responsible for
more than 90% of hydrogen production worldwide. Natural gas is first cleared from sulphur
compounds. It is then mixed with steam and send over a nickel-alumina catalyst inside a
tubular reactor heated externally, where carbon monoxide (CO) and hydrogen (H2) are
generated. This step is followed by a catalytic water-gas shift reaction which converts the CO
and water to hydrogen and carbon dioxide (CO2). The hydrogen gas is then purified.

The endothermic reforming reaction is:

It is usually followed by the exothermic shift reaction:

The overall reaction is:

The residual stream from the initial purification step is a part of the fuel gas burned in the
reformer in order to supply the required heat. Hence the CO2 in this gas is currently vented
with the flue gas. If CO2 were to be captured, an additional separation step would be needed.
The technology is suitable for large reformers (e.g. 100,000 tons per year), where yields
higher than 80% can be achieved. Smaller-scale reformers especially designed for feeding
small fuel cells, show lower efficiencies.
1.1.1.1.2.

Partial oxidation

In the partial oxidation process natural gas and oxygen are injected into a high-pressure
reactor. The oxygen to carbon ratio is optimally set for maximizing the yield of CO and H2
and avoiding the formation of soot. Further steps and equipment remove the large amount of
heat generated by the oxidation reaction, shift the CO with water to CO2 and H2, and remove
the CO2 – which can then be captured – and purify the hydrogen produced. This process
needs oxygen, which is usually provided by an air distillation plant. Partial oxidation can also
be helped by an oxidation catalyst. It is then called catalytic partial oxidation.
The partial oxidation reaction for natural gas is:

After the partial oxidation reaction, the process gas is similar to that of the steam reforming
process. Since the reaction is exothermic, a heating system is not required, which is a major
advantage resulting in size and capital cost reduction. Partial oxidation is however typically
less energy efficient than steam reforming.
1.1.1.1.3.

Auto-thermal reforming

Auto-thermal reforming technology is a combination of the catalytic partial oxidation and
steam reforming. In this process, natural gas, steam and oxygen are reacted in a single vessel
with a combustion zone and a reforming zone. The heat from the exothermic partial oxidation
reaction balances that for the endothermic steam reforming reaction. The process gas then
goes to the standard shift reaction and hydrogen purification steps.
Auto-thermal reforming is as compact and load-flexible as partial oxidation while nearly
reaching the higher efficiency of steam reforming. Currently auto-thermal reforming is used
in very large units only (more than 100,000 tons per year).

1.1.1.2.

Production from coal

Coal is a practical option for making hydrogen in large plants. Worldwide coal reserves are
very important indeed and technologies for converting coal to hydrogen are commercially
available. The major concern is that, due to the high carbon content of coal, the
corresponding carbon dioxide emissions are larger than those from any other feedstock.
Large-scale use of coal gasification implies that carbon capture and storage technologies can
be developed.
Coal can of course produce electricity and then hydrogen through the electrolysis process
(see below). The gasification technology however is better for making hydrogen from coal.
Coal gasification involves partial oxidation of the coal with oxygen and steam in a hightemperature and high-pressure reactor. The reaction proceeds in a highly reducing mixture
that creates mainly CO and H2, mixed with steam and CO2. This syngas undergoes the shift
reaction, increasing the H2 yield. The gas can then be cleaned in conventional ways to
recover elemental sulphur, or make sulphuric acid. Hydrogen and carbon dioxide can be
easily separated.
The use of oxygen at high temperature and high pressure minimizes the nitrogen oxides NOx
by-produced. The slag and ashes drawn from the bottom of the reactor contain heavy metals
and are encapsulated in an inert, vitreous material, which is currently used as a road filler.
Part of the syngas goes to a gas turbine, which makes electricity for the air distillation, and
process steam.
The cost of producing hydrogen in a large coal gasification plant is today slightly higher than
that made from natural gas. Coal gasification techniques are however less mature than the
steam reforming of natural gas. The economy of making hydrogen from coal differ somewhat
from other fossil fuels: the unit capital cost is larger for the coal plants, while the unit raw
material costs are lower.

1.1.2. Hydrogen from splitting of water
While today hydrogen is predominately generated from the processing of fossil fuels, which
as a by-product results in the release of CO2, this gives us neither good within the scheme of
trying to prevent catastrophic global warming, nor any good within the less-immediate but
still real issue of fossil fuel depletion. This chapter briefly discusses avenues to hydrogen
production by splitting of the water molecule to generate hydrogen and oxygen that do not,
necessarily, result in the emission of climate-altering gases.
1.1.2.2.

Water electrolysis

Electrolysis of water to generate hydrogen and oxygen has a history of more than 200 years.
It is the simplest of all the water-splitting techniques and comparatively efficient. The net
reaction is:

Oxygen, a highly useful gas, is the only by-product. Water electrolysers today satisfy
approximately 3.9% of the world’s hydrogen demand. Electrolysers are used to produce

hydrogen at levels ranging from a few cm³/min to several thousand m³/hour, with units
ranging in physical size from portable to essentially immovable. Electrolysers generally use
electricity from the power grid, which in turn is predominately powered by the combustion of
coal, resulting in expensive and eco-hostile operation. For sustained development the
electrolysers will need to be run using electrical energy derived from renewable sources such
as windmills or solar cells.
For hydrogen production form water, pure water, with a pH = 7.0, is seldom used as an
electrolyte. Water is a poor ionic conductor and hence it presents a high Ohmic over
potential. In order to make the water splitting reaction to proceed at a realistically acceptable
cell voltage the conductivity of the water is necessarily increased by the addition of acids or
alkalis. Aqueous acidic and alkaline media offer high ionic concentrations and mobilities and
therefore possess low electrical resistance. Basic electrolytes are generally preferred since
corrosion problems are severe with acidic electrolytes. Based on the type of electrolytes used
electrolysers are generally classified as alkaline, solid polymer electrolyte (SPE) and solid
oxide electrolyte (SOE) which we now consider further.
2.1.2.1.1.

Alkaline electrolysis

Alkaline electrolyte electrolysers represent a very mature technology that is the current
standard for large-scale electrolysis. The anode and cathode materials in these systems are
typically made of nickel-plated steel and steel respectively. The electrolyte in these systems is
a liquid one based on a highly caustic KOH solution. The ionic charge carrier is the hydroxyl
ion, OH-, and a membrane porous to hydroxyl ions but not to H2 and O2 provides gas
separation. Key advantages of this technology include its maturity and its durability. Key
disadvantages are its use of a highly caustic electrolyte, its inability to produce hydrogen at
high pressures and the low maximum achievable current density, due to the high ohmic losses
across the liquid electrolyte and diaphragm.
The alkaline water electrolysis cell consists essentially of anodes and cathodes isolated from
one another by semi-permeable membranes or separators, usually asbestos, all submerged in
electrolyte, usually KOH, held in some form of container, see figure . Direct current is passed
through the cell and water is decomposed to generate hydrogen on the cathodes and oxygen
on the anodes. The two gases are kept away from one another by the separators.

The following reactions take place inside the alkaline electrolysis cell: when a current is
passed through water, the molecules accept electrons from the cathode, where the hydrogen is
reduced to H2 gas. The ionic charge carrier OH- moves through the membrane and donates
electrons to the anode, where oxygen gas is produced.
Cathode:
Anode:
Total reaction:
Production of hydrogen by alkaline electrolysers is an about 100 year old technology used in
the chemical and metallurgic industry and for production of fertilizer in the form of ammonia
NH3. The energetic efficiency on converting electricity to hydrogen is reasonably high at
modern plants: between 80 and 90%. The lifetime is as high as 20 years, with a major service
check every 6 years.
2.1.2.1.2.

Polymer electrolyte membrane (PEM) electrolysis

Acidic water electrolysis based on a Polymer Electrolyte Membrane (PEM) is a fairly young
technology compared with alkaline water electrolysis. The process, initially developed at
General Electric in the 1970s, offered several advantages over alkaline electrolysers.
Nevertheless, due to the expensive materials involved, PEM electrolysers have so far become
established only in military and aerospace applications. They serve to generate oxygen for
life-support systems on-board nuclear submarines and international space station, and to
recharge tanks with high-pressure oxygen onboard commercial aircraft. Another established
market for PEM electrolysers with small hydrogen and oxygen production capacities is
laboratory equipment.
The structure of a PEM cell is shown in fig . The basic unit of a PEM electrolyser is an
electrode membrane electrode structure that consists of the polymer membrane coated on
either side with layers of suitable catalyst materials acting as electrodes, with an electrolyser

module consisting of several such cells connected in series. The polymer membrane is highly
acidic and hence acid resistant materials must be used in the structure fabrication as electrode
materials. The electrode membrane electrode (EME) is pressed from either side by porous,
gas permeable plates that provide support to the EME and ensure homogeneous current
distribution across the membrane surface. These porous plates provide exit paths for the gas
generated at the electrodes. The bipolar plates are in direct physical contact with the porous
structures that separate adjacent cells while allowing the current to pass from one cell to the
next. The cavity between the bipolar plate and current collector allows the distribution of feed
water and the collection of product gases. The plate material must have high electronic
conductivity, negligible permeability to product gases, and high corrosion resistance.
Graphite is generally used for making the bipolar plates.

As shown in figure , water (H2O) enters the cell and is split at the surface of the membrane to
form hydrated protons, electrons and gaseous oxygen. The gaseous oxygen leaves the cell
while the protons move through the membrane under the influence of the applied electric
field and electrons move through the external circuit. The protons and electrons combine at
the opposite surface to form pure gaseous hydrogen.
Anode:
Cathode:
Total reaction:
The advantages of the PEM electrolyzer are that the electrolyte membrane or diaphragm can
be made very thin, allowing high conductivity without risk of gas crossover, and the

electrolyte is immobilized and cannot be leached out of the cell. Also it is ecological
cleanliness, considerably smaller mass-volume characteristics and power costs, a high degree
of gases purity, an opportunity of compressed gases obtaining directly in the installation and
the increased level of safety. The disadvantages of the PEM electrolyzer are that the
electrolyte costs more than the conventional alkaline solutions and the electrolyte is corrosive
and requires more expensive metal components to be used in the cell. For these reasons,
proton exchange membrane water electrolysis systems are usually operated at somewhat
higher current densities than systems using a liquid alkaline electrolyte.
2.1.2.1.3.

Solid Oxide electrolysis

Solid oxide electrolyte cells were first developed in the early 1970s. These cells operate at
very high temperatures, near 1000°C. High temperatures lower the thermodynamic reversible
potential for water splitting as well as the activation over potentials. Thus the electrical
energy requirements are much lower for water electrolysis in vapor phase at high
temperatures. The extra energy needed to drive the reaction is supplied as heat, which is more
efficient to obtain and hence cheaper than electricity. Figure shows the demand of electrical
and heat energies with electrolysis temperature. It can be seen from this figure that the ratio
of electrical energy demand to total energy is about 90% at 100°C and about 70% about
1000°C, which shows that in high temperature electrolysis about 30% of the energy involved
can be supplied as heat. The heat requirements of the cell can be met either internally through
Ohmic heating or externally using a heat source. The reduced electrical energy requirements
enables SOE cells to operate at lower voltages than those required for other types of
electrolyzers.

SOE cells utilize solid ceramic electrolytes that are good oxygen ion conductors at very high
temperatures in the range of 1000°C. The feed gas, steam mixed with hydrogen, is passed
through the cathode compartment. At the cathode side, hydrogen gas and oxygen ions are
formed. As the electrolyte is impermeable to hydrogen gas, the oxygen ions migrate through
the electrolyte towards the anode under the action of the electric field, where they gain
electrons and form oxygen gas.

Cathode:
Anode:
Total reaction:

SOE cells are fabricated in planar as well as in tubular geometries. In both planar and tubular
cases the electrolyte is pressed between porous electrodes. The cells are attached in series
using interconnecting elements that serve as electrical conductors as well as current
distributors.
We note that SOE cell technology is still in the development stage. Severe materials
problems related to the high temperature operation need to be solved. Low life times of the
materials used for cell construction, intermixing of adjacent phases and engineering problems
related to thermal cycling and gas sealing are some of the factors that prevent the technology
from successful commercialization. However, this technology has some unique advantages
that make it attractive in comparison to other technologies. Compared to other types of
electrolyzers the power consumption is less. The efficiency of high temperature electrolysis
can essentially be 100%. Furthermore SOE electrolyzers are relatively eco-friendly, not
requiring any corrosive electrolytes for operation.
1.1.2.3.

Photo-electrolysis (photolysis)

A promising future method of hydrogen production is photo-electrolysis, which uses solar
energy to extract hydrogen directly from water. Photo-electrolysis integrates solar energy
collection and water electrolysis into a single photo-electrode. Figure illustrates this principle.
This device eliminates the need for a separate power generator and electrolyzer, reducing
overall costs and increasing efficiency. Photo-electrolysis systems are still in the
experimental stage. However, photo-electrolysis will become an important means to future
hydrogen production because it is powered by renewable solar energy.

1.1.3. Biomass to Hydrogen
Biomass and biomass-derived fuels are renewable energy sources that can be used to produce
sustainable hydrogen.
Using biomass instead of fossil fuels to produce hydrogen reduces the average amount of
carbon dioxide in the atmosphere, since the carbon dioxide released when the biomass is
oxidized was previously absorbed from the atmosphere and fixed by photosynthesis in the
growing biomass.
Hydrogen can be produced from biomass resources such as wood, agricultural residues,
consumer waste or crop specifically grown for energy uses. Current technologies for
converting biomass into molecular hydrogen include gasification of biomass coupled to
subsequent steam reforming. The main conversion processes are indirect-heat gasification,
oxygen-blown gasification and anaerobic fermentation.
Biomass-to-hydrogen conversion is presently unable to produce hydrogen on a large scale at
a competitive price, even when compared with hydrogen generated from distributed natural
gas. It could however contribute to recover energy from domestic and agricultural waste in a
very clean way. The environmental impact of growing significant quantities of biomass as
energy crops, including genetically engineered, high-yield crops, will most likely place
significant strains on natural resources and land availability in our country.
The cost for collecting and transporting biomass is inherently high. It would result in building
small biomass gasification plants without the economy of scale. The route to biofuels might
prove more attractive.

1.2.

Hydrogen storage systems

The main task of hydrogen storage systems is to accumulate as large as possible gas mass in
the smallest possible volume, at the minimum of material and power expenses and
maintenance of safety conditions of storage.
The main methods of creation of compact hydrogen accumulators which are mainly designed
for fuel cell systems supply will be considered below.
Safety assurance of hydrogen storage is one of the most important problems as hydrogenoxygen mixture can cause an explosion.
The explosive limits of hydrogen-oxygen mixture vary from 4 to 94 %vol. of Н2, and
hydrogen-air mixture from 4 to 74 %vol. of Н2. The mixture of 2 volumes of hydrogen and 1
volume of oxygen theoretically provides a maximum efficiency of combustion and is called
"hydrogen-knallgas". The chlorine-hydrogen mixture with volumetric ratio 1:1 is also
explosive at the light and fluorine-hydrogen mixture is explosive in the darkness.
The hydrogen storage methods can be divided into two main groups: Physical methods when
hydrogen is stored in free molecular state - gas or liquid, and chemical methods when
hydrogen is chemical compounded with other substance.
Physical methods of hydrogen storage.

Fig. 1. Balloons with liquid hydrogen

Hydrogen gas storage is almost the same as the storage of natural gas. Usually it is stored in
high pressure up to 400 bar and more balloons of different volume. The balloons are painted
with green color and have “Hydrogen” sign.
Balloons for hydrogen storage are rather simple but the hydrogen mass stored in such balloon
is approximately 2-3% of balloon’s mass. Moreover hydrogen is highly permeable through
most metals and alloys so the balloons must be made and covered with special materials in
order to prevent hydrogen’s leakage. It causes high cost of locking accessories.
Hydrogen can exist in liquid state at rather narrow range of cryogenic temperatures. The
hydrogen critical point is at temperature 33 K and pressure 1,3 MPa. Hydrogen freezing point

is 13,8 K and boiling temperature at normal pressure is 20,4 K. These conditions make real
difficult creating liquid hydrogen storage systems.

Fig.2 Scheme of liquid hydrogen container

Fig.3 Scheme of superinsulation
Liquid hydrogen is stored in special containers at temperature 20 K. The main problem of
creating such containers is providing of sustainable thermal protection of liquid hydrogen in
the environment with the temperature approximately 300 K. Usually such a container consists
of two vessels - inside and outside which are separated either by vacuum as Dewar flask or
the superinsulation layer which consists of many intermitting layers of insulation materials
with low thermal conductivity and screening layers preventing radiation heat transfer.
One of the most essential drawbacks of the cryogenic hydrogen storage is large
energy cost for hydrogen liquation which can achieve 30-50% of its calorific value.

Chemical methods of hydrogen storage
The chemical compounds of hydrogen are usually called hydrides. From the view point of
hydrogen accumulation for such compounds the most importance has ability of molecule of
agent to add as many hydrogen atoms as possible. From that point of view the metals are
most hydrogen capable. The combinations of hydrogen and metals are called metal-hydrides
The hydrogen ability to resolve in metals is known since 19th century but only nowadays due
to hydrogen energy development it began to be used for creation of compact hydrogen
accumulators.
Now the hydrogen storage by means of metal-hydride accumulators is one of the most widely
used method.

Metal-hydrides can be composed by many metals, such as Mg, Ni, Fe, La, Co, Cu, Pd, Pt,
Rh.
The hydrogen can not be absorbed by Ag, Au, Cd, Pb, Sn, Zn. That is why these metals can
be used for making locking accessories for compressed and liquid hydrogen storage.
The best metal for hydrogen storage is Palladium (Pd). One volume of palladium can contain
almost 850 volumes of hydrogen. But palladium is a very expensive metal.
The metal-hydride accumulator principle of operation is based on the fact that metal capacity
absorbing the certain hydrogen quantity depends on temperature and pressure at which the
reaction takes place. At lower temperature and higher pressure the more hydrogen mass can
be absorbed by metal for achieving chemical equilibrium. The rise in temperature or decrease
in pressure cause the system disequilibrium and hydrogen extraction (desorption).
Thus the accumulator charged at low temperatures and high pressure can give out hydrogen
when heated or lowing the pressure. The usual value of hydrogen pressure when charging
metal-hydride accumulators is approximately 10 bar while discharging on fuel cell battery is
2-5 bar. The temperatures at which the correspondent processes of sorption and desorption
take place strongly depend on metal type. For example, the typical process of hydrogen
sorption in Mg accumulator takes place at 250 OC and pressure 10 bar, and desorption at 350
OC and pressure 2 bar.
The hydrogen storage in intermetallic compounds or so called intermetallides is the most
promising way. Intermetallide (intermetallic compound) is a chemical compound of two or
more metals. Intermetallides as well as other chemical compounds have fixed number of
relations between components but atomic bonding in lattice is covalent or ionic instead of
metal. For example compounds of magnesium-nickel (Mg-Ni), nickel-lanthanum (La-Ni),
titanium-iron (Fe-Ti) are perspective for hydrogen accumulators.
The main weak point of metal hydrides is their weight. The hydrogen content of lanthanum
nickel hydride LaNi5H6 is only 1.4% of the weight. Therefore storing 5 kg of hydrogen
requires 360 kg of LaNi5H6. From this point of view magnesium hydride (MgH2) is the best
one due to small density of Mg. It contains 7.6% of the weight hydrogen.
The next important characteristic of hydrides is the hydrogen release temperature (specified
their hydrating kinetics) providing the operating hydrogen pressure for the fuel cell (typically
2–5 bar). Low-temperature hydrides (e.g., LaNi5H6 or FeTiH2) have this temperature about
room one. For high-temperature hydrides (e.g., MgH2) this temperature is about 300OC and
they need special heating systems and additional energy expenses. The known reversible
metal hydrides storing large specific masses of hydrogen also require high release
temperatures.
The main components of metal-hydride hydrogen accumulator are balloon containing
hydrogen sorbent, control valve, pressure gauge, safety valve, and heating and cooling
electric or water system. One of the possible constructions of metal-hydride hydrogen
accumulator is shown in Fig 4. The metal-hydride hydrogen accumulators of multiple action
can perform at least 1000 sorption - desorption cycles. Their capacity varies from a few liters
to thousands of liters of hydrogen. The operating pressure range is (0.1 - 5) MPa and
temperature range (20 - 300) OC. Metal-hydrides are kept as powders with particle size appr.

10-6–10-4 m. The hydrogen from accumulator can be supplied at room temperature and
pressure from 0,1 to 5 MPa and when heating up to 100 OC at 4-16 MPa. When heating up to
300 OC the hydrogen can be get at 20 MPa pressure and higher.

Fig.4. One of the possible
constructions of metal-hydride
hydrogen accumulator

(www.lab67.kiev.ua)
The metal-hydride way of hydrogen storage is compared favourably with balloon-gas and
cryogenic methods. It is safe and its service is less expensive.
The ratio of hydrogen volume to its mass in the system, which can be interpreted as an
“effective” specific volume of hydrogen, is one of the basic characteristics of hydrogen
storage system. The comparison of different “effective” specific volume of hydrogen at
different ways of its storage is shown in Fig.5.
Fig. 5. “Effective” specific volume of hydrogen at
different ways of its storage (The dashed line represents the
practical vehicle on-board storage needs). (Frederick E.
Pinkerton and Brian G. Wicke. Bottling the hydrogen genie.
The Industrial Physicist, February-March 2004, Volume 10,
Issue 1, pp. 20-23).
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Fig.5 demonstrates that many hydrides store more hydrogen per unit volume than the liquid
hydrogen does. In general, the vessel filled-in with metal-hydride can store the hydrogen
mass 2-3 times more than the same vessel filled-in with liquid hydrogen.
Nowadays the other methods of hydrogen storage except of the described above are being
developed.
For example, one of the perspective methods of hydrogen storage worked up now is its
storage in nanostructured carbon. Carbon nanofibers, nanotubes, and similar carbon
nanostructures can absorb to 67 wt% hydrogen at room temperature.

Laboratory work “Investigation of metal-hydride hydrogen accumulator”

Laboratory work is carried out on the Heliocentris’ “50 W Fuel Cell Training System” with
metal-hydride hydrogen storage module.
A goal of the laboratory work is to investigate the process of filling and refilling of metalhydride hydrogen accumulator.

Installation:

1

2

Heliocentris’ “50 W Fuel Cell
Training System”

Metal-hydride hydrogen
storage module

Metal hydride canister has a storage capacity 250 Nl at charge pressure of 17 bar, output 1.7
sl/min, charge pressure 10 … 17 bar, charge time about 1 h at 20°C and active cooling.
There is a 2-stage Hydrogen pressure reducer for inlet pressure max. 19 bar and outlet
pressure 0.6 ± 0.1 bar

Hydrogen generator

3

Parameters of Hydrogen generator:
Hydrogen production 12 sl/h,
Hydrogen purity 6.0 (99,999%),
Hydrogen pressure 0.1 … 10.7 bar,
Power consumption max. 230 VA,
Filled up with twice-distilled water volume 1 l,

a

Time consumption of twice-distilled water 0,02 l/h,

1.3.

Hydrogen combustion
Consumption

of twice-distilled water for hydrogen
production
1,6 g/slH
2.
Hydrogen is a colourless, odourless,
tasteless and
nontoxic
gas that can be found in the air at
concentrations of about 100ppm (0,01%). The combustion of hydrogen with oxygen produces
only water but in normal conditions, the combustion takes place using air as the oxygen
source. By volume, dry air contains 78% nitrogen, 21% oxygen and small amounts of other
gases. So the combustion of hydrogen with air however may also produce oxides of nitrogen
NOX besides the water production.
The best practice of hydrogen combustion is a hydrogen fueled internal combustion engine.
In the following, the use of hydrogen in an internal combustion engine and its properties will
be discussed.

1.3.1. Introduction
The incentives for developing an economy based on hydrogen as an energy carrier are well
known, with the most important one being the clean emissions in its use. One could argue
that the potential of clean emissions has become less of a drive, as modern gasoline engines
equipped with three-way catalysts and sophisticated engine management systems have been
demonstrated to produce extremely low emission levels. Nevertheless, emissions remain a
concern as the number of vehicles keep rising, offsetting the advances in emission reduction
technology. A second interest in hydrogen relates to the source of fossil fuels. As fossil fuels
are hydrocarbons, their combustion will produce carbon dioxide, which has been designated
as the most important contributor to radiative forcing in the Earth’s atmosphere, resulting in a
global warming or the so called greenhouse effect. Hydrogen is also viewed as a mean to
enhance energy security, as the global fossil fuels reserves are geographically concentrated,
with the largest concentration in politically unstable regions. Furthermore, these reserves are
finite and there is increasing evidence that the peak in oil production has already happened or
will happen in the very near future.
The internal combustion engine has benefited from a continuous development during more
than a century and is still showing potential for further optimization. On the other hand,
hydrogen is mostly associated with fuel cells, which convert hydrogen to electricity and have

the potential for high efficiencies but being still in its infancy. This reflects in the price, with
a prohibitive cost for fuel cells. Advocates of the fuel cell claim the price will drop orders of
magnitude through further development and the economics of scale. Naturally, the
conversion of an ICE to hydrogen increases its cost but this cost is very limited in comparison
with a fuel cell.
Using ICEs allows bi-fuel operation (which means that engines can run on gasoline as well as
on hydrogen) alleviating fuel station density and autonomy requirements. This could facilitate
the start-up of a hydrogen economy, where the experience gained with transport, fuelling and
storage directly translates to fuel cell vehicles. These fuel cells are currently still handicapped
by cold-start problems (freezing of the fuel cell stack) and the necessity of very pure
hydrogen to avoid poisoning of the fuel cell while the hydrogen fuelled ICE does not suffer
from these problems. The most frequently hailed advantage of fuel cells is its high theoretical
efficiency. However, not only practical fuel cells do not reach these high efficiencies, the fuel
cell stack is also a part of a fuel cell system and the overall efficiency is thus lower.
Furthermore, the efficiency decreases as the load increases. This is not an important
disadvantage for light-duty applications as these are in part load most of the time, but could
become important for heavy duty. The large difference between the theoretical efficiency of
the fuel cell stack and the effective efficiency of an ICE thus mostly exists on paper and is
much lower in practice.
The conclusion can be made that the hydrogen fuelled internal combustion engine and the
fuel cell both have their own advantages and both merit research to show their full potential.
The hydrogen fuelled ICE can function as a transition technology to fuel cells or might take
up its own share of the market next to fuel cells and other technologies.

1.3.2. Internal combustion engine basics
The internal combustion engine is a heat engine that converts chemical energy in a fuel into
mechanical energy, usually made available on a rotating output shaft. Chemical energy of the
fuel is first converted to thermal energy by means of combustion or oxidation with air inside
the engine. This thermal energy raises the temperature and pressure of the gases within the
engine, and the high-pressure gas then expands against the mechanical mechanisms of the
engine. This expansion is converted by the mechanical linkages of the engine to a rotating
crankshaft, which is the output of the engine. The crankshaft, in turn, is connected to a
transmission to transmit the rotating mechanical energy to the desired final use. For engines
this will often be the propulsion of a vehicle.
1.3.2.1.

Basic engine parts

The following is a list of major components found in most reciprocating internal combustion
engines which are shown in figure 1.
•
•
•

The block is a metal casting that holds all the engine parts in place.
The cylinder is a round hole bored in the block which guides piston movement
The piston is a cylindrical component that transfers the energy of combustion to the
connecting rod.

•
•
•
•
•

•
•
•
•
•
•

The piston rings seals the small gap around the sides of the piston. They keep
combustion pressure and oil from leaking between the piston and the cylinder wall.
The connecting rod links the piston to the crankshaft.
The crankshaft changes the reciprocating motion of the piston and rod into a useful
rotary motion.
The cylinder head covers and seals the top of the cylinder. It also holds the valves,
rocker arms and often the camshaft.
The combustion chamber is a small cavity between the top of the piston and the
bottom of the cylinder head. The burning of the air-fuel mixture occurs in the
combustion chamber.
The valves open en close to control the flow of the air-fuel mixture into the
combustion chamber and the exhaust gases out of the combustion chamber.
The camshaft controls the opening of the valves.
The valve springs keep the valves closed when they do not need to be open.
The rocker arms transfer camshaft action to the valves.
The lifters ride on the camshaft and transfer motion to the other parts of the valve
train.
The flywheel helps keep the crankshaft turning smoothly. It also provides a large gear
for the starting motor.

1.3.2.2.

Engine terminology

The following is a list of major terms which are commonly used in engine technology and
will be used throughout this chapter.
•

A spark ignition combustion engine is an engine in which the combustion process in
each cycle is started by the use of a spark plug.

•

•

•

•
•
•

•

•

A compression ignition combustion engine is an engine in which the combustion
process starts when the air-fuel mixture self-ignites due to high temperature in the
combustion chamber caused by high compression. CI engines are often called Diesel
engines.
The Top Dead Center (TDC) is the position of the piston when it stops at the furthest
point away from the crankshaft. Top because this position is at the top of most
engines and dead because the piston stops at this point. When the piston is at TDC,
the volume in the cylinder is a minimum called the clearance volume.
The Bottom Dead Center (BDC) is the position of the piston when it stops at the point
closest to the crankshaft. Bottom because this position is at the bottom of most
engines and dead because the piston stops at this point.
A bore is the diameter of the cylinder or the diameter of the piston face which is the
same minus a very small clearance.
A stroke is the full travel of the piston from the TDC to the BDC or reversed.
Displacement volume is the volume displaced by the piston as it travels through one
stroke. Typically, an engine with a larger displacement produces more torque than a
smaller displacement engine.
The compression ratio is the comparison of a cylinder’s volume when the piston is at
BDC to the cylinder’s volume when the piston is at TDC. It’s a statement of how the
air-fuel mixture is compressed during the compression stroke. The higher the
compression ratio, the more power an engine theoretically can produce.
The fuel-air ratio ϕ is the mass ratio of fuel to air in an internal combustion engine.
When exactly enough air is provided to completely burn all the fuel in the combustion
chamber than the fuel-air ratio is equal to 1. This ratio is known as the stoichiometric
ratio. If the air content is higher than the stoichiometric ratio (ϕ<1), the mixture is
said to be fuel-lean. On the other hand, the mixture is said to be fuel-rich when the air
content is less than the stoichiometric ratio.

1.3.2.3.

Basic engine cycles

For the majority of road transportation, these types of engines work according to the four
stroke cycle. Four separate piston strokes (up or down movements) are needed to produce one
cycle. Every two up and two down strokes of the piston result in one power-producing cycle.
The four strokes are intake, compression, power and exhaust. There are two common types of
four-stroke engines: the Otto engine (the spark ignition combustion engine) and the Diesel
engine (the compression ignition engine). The four strokes of these engines are described
below.
1.3.2.3.1.
•

The Otto Engine

Intake Stroke

The first stroke of the cycle is the intake stroke. As the piston moves away from the top dead
center, the intake valve opens. The downward movement of the piston increases the volume
of the cylinder above it, reducing the pressure in the cylinder. This reduced pressure,
commonly referred to as engine vacuum, causes the atmospheric pressure to push a mixture
of air and fuel through the open intake valve. As soon as the piston reaches the bottom of its
stroke the reduction in pressure stops causing the intake of air-fuel mixture to slow down. It
does not stop because of the weight and movement of the air-fuel mixture. It continues to
enter the cylinder until the intake valve closes. The intake valve closes after the piston has
reached the bottom dead center. This delayed closing of the valve increases the volumetric
efficiency of the cylinder by packing as much air and fuel into it as possible.
•

Compression Stroke

The compression stroke begins as the piston starts to move from bottom dead center. The
intake valve closes, trapping the air-fuel mixture in the cylinder. The upward movement of
the piston compresses the air-fuel mixture, thus heating it up. At top dead center, the piston
and cylinder walls form a combustion chamber in which the fuel will be burned.
•

Expansion or Power Stroke

The power stroke begins as the compressed fuel mixture is ignited. With the valves closed, an
electrical spark across the electrodes of a spark plug ignites the air-fuel mixture. The burning
fuel rapidly expands, creating a very high pressure against the top of the piston. This drives
the piston down toward bottom dead center. The downward movement of the piston is
transmitted through the connecting rod to the crankshaft.
•

Exhaust stroke

The exhaust valve opens just before the piston reached bottom dead center on the power
stroke. Pressure within the cylinder causes the exhaust gas to rush past the open valve and
into the exhaust system. Movement of the piston from bottom dead center pushes most of the
remaining exhaust gas from the cylinder. As the piston nears top dead center, the exhaust
valve begins to close as the intake valve starts to open. The exhaust stroke completes the
four-stroke cycle. The opening of the intake valve begins the cycle again. This cycle occurs
in each cylinder and is repeated over and over, as long as the engine is running.

1.3.2.3.2.
•

The Diesel Engine

Intake Stroke

The intake stroke of a Diesel engine is the same as in the Otto Engine with one major
difference: no fuel is added to the incoming air.
•

Compression Stroke

Even the compression stroke is the same as in the Otto Engine except that only air is
compressed and the compression is much higher in pressure and temperature. At the end of
the compression stroke, fuel is injected directly into the combustion chamber, where it mixes
with the very hot air. This causes the fuel to evaporate and self-ignite, causing combustion to
start.
•

Expansion or Power Stroke

Combustion is fully developed by top dead center and continues at about constant pressure
until fuel injection is complete. The power stroke continues as combustion ends and the
piston travels toward bottom dead center.
•

Exhaust stroke

The exhaust stroke is the same as in the Otto Engine.

1.3.3. Hydrogen as an internal combustion fuel
Hydrogen has significantly different properties compared to the more traditional fuels. Table
1 summarizes the most important combustion-related properties as a reference for the
discussion in the following. All temperature and pressure dependent data is given at normal
temperature and pressure (NTP), combustion-related properties cited are for stoichiometric
combustion.
Table

Property

Hydrogen

Flammability limits in air (% by volume)
Minimum ignition energy (mJ)
Flame velocity (cm/s)
Auto-ignition temperature (°C)
Stoichiometric air fuel ratio on mass
Density at 16°C and 1.01 bar (kg/m³)
Quenching gap in NTP air (cm)
Diffusivity in air (cm²/s)

4 – 75
0.02
265 – 325
858
34.3
0.0838
0.064
0.63

Unleaded
gasoline
1.4 – 7.6
0.24
37 – 43
533 – 733
14.6
721 – 785
0.2
0.08

Diesel

1:

0.7 – 5.0
–
30
530
14.5
833 – 881
–
–

Hydrogen properties compared with unleaded gasoline and diesel properties

1.3.3.1.

Combustive Properties of Hydrogen fuel

1.3.3.1.1.

Wide range of flammability

In comparison with the other fuels, hydrogen has a wide flammability range. This implies that
hydrogen can be combusted in an internal combustion engine over a wide range of fuel-air
mixtures. An advantage of this is that an engine can run on a lean mixture. A lean mixture
means that the amount of fuel is less than the theoretical ideal amount needed for combustion.
When an engine is running on a lean mixture, the combustion of the fuel is more complete
and the fuel economy is greater. In addition, the combustion temperature and the amount of
pollutants such as nitrous oxides, NOx, is lower.

1.3.3.1.2.

Low ignition energy

The ignition energy for a hydrogen and air mix is about an order of magnitude lower than that
of petrol-air mix, 0.2 mJ as compared to 0.28 mJ for petrol. Over the wide range of
flammability, the ignition energy for a hydrogen and air mix is approximately constant which
is illustrated in fig.1. Figure 1 also shows that hydrogen engines can ignite on lean mixtures
and ensures prompt ignition. The low ignition energy can also be a disadvantage because hot
rest gases in the cylinder or hot spots on the cylinder can serve as a source of ignition and
create problems of premature ignition and flashback. This disadvantage is one of the
challenges associated with running an engine on hydrogen.

1.3.3.1.3.

Small quenching distance

Quenching distance is defined as the smallest hole a flame can travel through. Hydrogen has
a smaller quenching distance than gasoline, 0.6mm versus 2.0mm. So it is more difficult to
quench a hydrogen flame than the flame of other fuels. The small quenching distance also
implies that hydrogen engines have a greater tendency for backfire than the common
combustion engines because the flame of a hydrogen-air mixture can pass a nearly closed
intake valve more easily than a hydrocarbon-air flame.
1.3.3.1.4.

High auto-ignition temperature

The auto-ignition temperature is the lowest temperature at which a substance will
spontaneously ignite in a normal atmosphere without an external source of ignition, such as a
flame or spark. This temperature is required to supply the activation energy needed for
combustion. The auto-ignition temperature for hydrogen is 585°C which is relatively high. So
it will be difficult to ignite a hydrogen-air mixture without an additional ignition source.
The auto-ignition temperature is also an important factor in determining what maximum
compression ratio an engine can use because the temperature rise during compression is
related to the compression ratio. The temperature may not exceed hydrogen’s auto ignition
temperature without causing premature ignition. Thus, the absolute final temperature limits
the compression ratio. Therefore the conclusion is that hydrogen engines have larger
compression ratios than hydrocarbon engine because of the high auto ignition temperature of
hydrogen.

1.3.3.1.5.

High flame speed at stoichiometric ratios

The next figures show the flame velocity and the flame temperature as a function of the fuelair ratio. These properties are important for engine operation and control, in particular
thermal efficiency, combustion stability and emissions. When the stoichiometric fuel mix is
used, the hydrogen fuel burns with a high flame speed. Under these conditions, the hydrogen
flame speed is an order of magnitude higher than that of gasoline mixtures, see figure 2. It
allows hydrogen engines to more closely approach the thermodynamically ideal engine cycle.
On the other hand, when the engine is running on a lean mixture in order to improve the fuel
economy, the flame speed and the flame temperature decreases significantly.

1.3.3.1.6.

High diffusivity

Hydrogen has a very high diffusivity. This ability to disperse in air is considerably greater
than gasoline and is advantageous for two reasons. Firstly, it facilitates the formation of a
uniform mixture of fuel and air. Secondly, if a hydrogen leak develops, the hydrogen
disperses rapidly. Thus, unsafe conditions can either be avoided or minimized.
1.3.3.1.7.

Low density

Very low density of hydrogen results in two main problems when used in an internal
combustion engine. Firstly, a very large volume may be necessary to store enough hydrogen
to provide an adequate driving range. Secondly, a low density implies that the fuel-air
mixture has a low energy density, which tends to reduce the power output of the engine. Thus
when a hydrogen engine is run lean, issues with inadequate power may arise.
1.3.3.2.

The use of hydrogen in Internal Combustion Engine

1.3.3.2.1.

Diesel or compression ignition engines

Hydrogen can not be used as a sole fuel in a diesel engine since the compression temperature
is not enough to initiate the combustion due to its higher self-ignition temperature. Hence an
ignition source is required while using it in a CI engine. The simplest method of using
hydrogen in a Diesel engine is to run in the dual fuel mode with diesel as the main fuel that
can act as an ignition source for hydrogen. In a dual fuel engine hydrogen is injected into the

intake manifold and diesel is injected in the conventional manner. The amount of hydrogen is
restricted up to a certain limit since the hydrogen will replace the air, thereby reducing the air
available for diesel combustion.
There are several reasons for applying hydrogen as an additional fuel to accompany diesel
fuel in the compression ignition combustion engine. Firstly, it increases the H/C ratio of the
entire fuel. Secondly, injecting small amounts of hydrogen to a diesel engine could decrease
heterogeneity of a diesel fuel spray due to the high diffusivity of hydrogen which makes the
combustible mixture better premixed with air and more uniform. Hence the formation of
hydrocarbon, carbon monoxide and carbon dioxide during the combustion can be completely
avoided. However a trace amount of these compounds may be formed due to the partial
burning of lubricating oil in the combustion chamber.
Investigations revealed that hydrogen operated dual fuel engine has the property to operate
with lean mixtures at part load and no load, which results in NOx reduction, with an increase
in thermal efficiency thereby reducing the fuel consumption. It was also observed that
hydrogen could be substituted for diesel up to 38% on volume basis without loss in thermal
efficiency, however with a nominal power loss.
1.3.3.2.2.

Otto or spark ignition engines

Hydrogen is an excellent candidate for use as a fuel directly in a spark ignition engine. It has
some unique and highly desirable properties, such as low ignition energy, a very fast flame
propagation speed and a wide operational range. The hydrogen fuel, when mixed with air,
produces a combustible mixture which can be burned in a conventional spark ignition engine
at an equivalence ratio below the lean flammability limit of a gasoline/air mixture. The
resulting ultra-lean combustion produces low flame temperatures and leads directly to lower
heat transfer to the walls, higher engine efficiency and lower exhaust of NOx emission.
The extensive research in pure hydrogen as fuel has led to the development and marketing of
hydrogen engines. Ford has developed the P2000 hydrogen engine, which was used to power
the Ford’s E-450 Shuttle Bus. Also BMW has developed a hydrogen engine, in particular a 6
liter, V-12 engine. This engine delivers a power of 170 kW and a torque of 340 Nm when
using an external mixture formation system.
1.3.3.2.3.

The utilization of natural gas-hydrogen mixtures

Natural gas is a mixture of different gases with methane as the main component, which is
typically up to 99 percent of the total volume. Other constituents may include non-methane
hydrocarbons such as ethane, propane and butane and in some cases, traces of higher
hydrocarbons as well as inert gases like nitrogen, helium, carbon dioxide, hydrogen sulphide
and sometimes water. Natural gas has excellent properties as a fuel. It is the cleanest of all
fossil fuels, it is easy to transport and store, available on demand and is cheaper than gasoline
and diesel. Natural gas has also a high-octane value and therefore, suitable for engines of
high compression ratio with possible improvement of both engine power output and
efficiency. However, due to the slow burning velocity of natural gas and the poor lean-burn
capability, the natural gas spark ignited engine has the disadvantage of large cycle-by-cycle
variations and these will decrease the engine power output and increase fuel consumption.

Due to these restrictions, the addition of hydrogen to natural gas in a spark ignition
combustion engine was investigated. The addition of hydrogen to methane in a spark ignition
combustion engine demonstrates a higher flame speed. Due to the high flame speed, retarded
ignition timing is possible without lowering the thermal efficiency and this reduces the flame
temperature and NOx levels consequently. The results also show a reduction of hydrocarbon,
carbon monoxide and carbon dioxide emissions.
Another challenge of using hydrogen-natural gas as a fuel for engines was the determination
of the most suitable hydrogen/natural gas ratio. Different experiments show that 20-30%
hydrogen enrichment of natural gas gives the most favorable engine operation. Higher
hydrogen contents show that abnormal combustion, a lower power output of the engine and
an increase in fuel cost will occur. On the other hand, hydrogen content lower than 20-30%
does not make enough use of the performance enhancement potential of hydrogen.
1.3.3.3.

Combustion anomalies

Hydrogen has some specific combustive properties that make hydrogen a desirable fuel for
internal combustion engines. However some of these properties (in particular the wide
flammability limits, the low required ignition energy and the high flame speeds) also bear
responsibility for undesirable combustion phenomena, generally termed as combustion
anomalies. The most frequently cited anomalies are surface ignition and backfiring as well as
auto-ignition.
Surface ignition can be described as the uncontrolled ignition of the mixture induced by a hot
spot in the combustion chamber. Pre-ignition is the combustion event occurring inside the
combustion chamber during the engine compression stroke with the actual start of
combustion prior to spark timing. Backfiring or back-flash happens when the hydrogen-air
mixture already ignites, in the intake runner or the manifold, during the intake stroke. Knock
describes the auto-ignition of the remaining end-gas in a spark-ignition engine during the late
part of the combustion event. Knock results in high pressure oscillations and a typical pinging
noise in the combustion chamber. Much of the work on hydrogen fueled internal combustion
engines was targeted at trying to avoid these anomalies.
1.3.3.3.1.

Pre-ignition

Pre-ignition is the premature ignition of the hydrogen mixture during the engine compression
stroke when the intake valves are already closed. Investigations of the pre-ignition are
complicated and the actual cause is often nothing more than speculation. The most common
sources of pre-ignition include hot spark plugs, hot exhaust valves or other hot spots in the
combustion chamber, residual gas or remaining hot oil particles from previous combustion
events as well as residual charge of the ignition system. The risk of a spontaneous
combustion reaches a maximum when the hydrogen-air mixture approach the stoichiometric
level (ϕ=1). The operating conditions at increased engine speed and engine load increase the
probability of a pre-ignition due to higher gas and component temperatures. The actions that
could be taken to reduce effectively or eliminate the occurrence of pre-ignition include the
direct injection of the hydrogen into the combustion chamber, a proper spark plug design, a
proper design of the ignition system with low residual charge, a specifically designed crank

case ventilation, sodium-filled exhaust valves as well as optimized design of the engine
cooling passages to avoid hot spots.
1.3.3.3.2.

Backfire

Backfiring is the combustion of the hydrogen-air mixture in the engine combustion chamber
and/or the intake manifold during the intake stroke of the engine. The intake stroke of the
engine starts with the opening of the intake valves so the fresh hydrogen-air mixture can
aspirate into the combustion chamber. When this mixture ignite due to the combustion
chamber hot spots, the hot residual gas/particles or the remaining charge in the ignition
system, backfiring occurs which is similar to pre-ignition. The main difference between
backfiring and pre-ignition is the timing at which the anomaly occurs. Backfiring takes place
during the intake stroke with the intake valves open whereas pre-ignition occurs during the
compression stroke with the intake valves already closed. Because of the open intake valves,
the combustion and the associated increase in pressure occurs in the intake manifold which is
clearly audible and could damage or even destroy the intake system. Just like with the preignition, the risk of a spontaneous combustion reaches a maximum when the hydrogen-air
mixture approach the stoichiometric level (ϕ=1). The action that could be taken to eliminate
the occurrence of a backfire is the direct injection of the hydrogen in the combustion room
when the intake valves are already closed and with a combustion room already filled with air.
1.3.3.3.3.

Auto-ignition and knock

In a hydrogen fueled combustion engine, the conditions (pressure, temperature, time) of the
end gas can be such that the end gas could spontaneously auto-ignite. It follows with a rapid
release of the remaining energy which generates high-amplitude pressure waves, mostly
referred to as engine knock. The engine knock increases the mechanical and the thermal
stress so it could damage the engine. The tendency of an engine to knock depends on the
engine design as well as the fuel-air mixture properties.
1.3.3.4.

Emissions from hydrogen engines

The combustion of hydrogen with oxygen produces only water after combustion:

On earth, the combustion takes place using air as the oxygen source. By volume, dry air
contains 78% nitrogen, 21% oxygen and small amounts of other gases. So the combustion of
hydrogen with air however can also produce oxides of nitrogen NOX:

In addition to NOx emissions, traces of carbon monoxide and carbon dioxide can be present
in the exhaust gas, due to fast oil burning in the combustion chamber.
The high temperatures, generated within the combustion chamber during combustion, cause
some of the nitrogen in the air to combine with the oxygen in the air. The amount of oxides of
nitrogen that are created depends on:

•
•
•
•

The air/fuel ratio
The engine compression ratio
The engine speed
The ignition timing

The next figure shows the well-established trend for NOx emissions as a function of fuel to
air ratio. As can be seen in this figure, the NOx emissions levels are negligible at low fuel to
air equivalence ratios. An increase of the fuel to air equivalence ratio results in an increase of
the combustion temperatures which results in the NOx formation. When the fuel to air ratio
rises to value of 0.5 and more, the emissions of NOx starts to form and grows exponentially
till the fuel to air ratio gets to the value of 0.8. Further increasing of the fuel to air ratio results
in a decreasing of NOx emissions due to the reduced availability of excess oxygen. This trend
is only for applicable for engines which are using a homogeneous mixture formation and a
qualitative load control. An increase of the load ensures the increase of the fuel to air ratio
and so the NOx emissions follows the trend of the figure.

1.3.3.5.

Air-Fuel Mixture formation

A range of mixture formation methods has been tested for hydrogen engines. The most
common methods are:
1.3.3.5.1.

External mixture formation with a carburetor

A carburetor basically consists of an open pipe through which the air passes into the inlet
manifold of the engine. The pipe is in the form of a venturi and the fuel is introduced into the
air stream through small holes at the narrowest part of the venturi. Below the venturi is a
butterfly valve called the throttle valve. The throttle valve is a rotating disc that can be turned
so that it hardly restricts the flow at all or that it almost completely blocks the flow of air.
This valve controls the flow of air through the carburetor throat and thus the quantity of airfuel mixture the system will deliver, thereby regulating engine power and speed.
This method has some interesting advantages for a hydrogen engine. Firstly, this type of
injection does not require the hydrogen supply pressure to be as high as for the other
methods. Secondly, carburetors are already used in gasoline engines. This makes it easy to
convert a standard gasoline engine to hydrogen or a gasoline/hydrogen engine. The main
disadvantage of the carbureted hydrogen engine is the volume occupied by the fuel is about

1.7% of the mixture which results in a power output loss of 15% in comparison of a gasoline
engine. It gives rise to uncontrolled combustion at unscheduled points in the engine cycle.
Even a greater amount of hydrogen-air mixture within the intake manifold compounds the
effects of pre-ignition. If pre-ignition occurs while the inlet valve is open, the flame can
propagate past the valve and the fuel-air mix in the inlet manifold can ignite or backfire. So,
extreme care must be taken to ensure that pre-ignition of the mix does not occur.

1.3.3.5.2.

External mixture formation with port fuel injection (PFI)

This injection system have fuel injectors for each cylinder, usually located so that they spray
the fuel right at the intake valve, see figure . Typically, the hydrogen is injected after the
beginning of the intake stroke. So the air is injected separately to dilute the hot residual gases
and cool any hot spots. Since there is less gas in the manifold, any pre-ignition is less severe.
The inlet supply pressure tends to be higher than for the carbureted injection system but is
less than the direct injection system. The power output can be controlled by the amount of
fuel injected into the air stream, allowing lean operation due to the inducted volume of air per
cycle is kept constant.
External mixture formation by means of port fuel injection has been demonstrated to result in
higher engine efficiencies, extended lean operation, lower cyclic variation and lower NOx
production compared to direct injection.

1.3.3.5.3.

Internal mixture formation through direct injection

A hydrogen fuelled combustion engine with a direct injection system will have the hydrogen
injected directly inside the combustion chamber with the required pressure at the end of
compression stroke. The hydrogen diffuses quickly and the fuel-air mixture takes flame
instantaneously.

The direct injection system solves the problem of pre-ignition in the intake manifold but it
does not necessarily prevent pre-ignition in the combustion chamber. In addition, due to the
reduced mixing time of the air and fuel in a direct injection engine, the air-fuel mixture can
be non-homogenous. An important advantage of DI over PFI is the impossibility of backfire.
It also increases the maximum power output of DI compared to PFI as richer mixtures can be
used without fear of backfire.

1.3.3.6.

Load control strategies

Hydrogen is a very versatile fuel when it comes to load control. The high flame speeds of
hydrogen mixtures and its wide flammability limits permit very lean operation and substantial
dilution. The engine efficiency and the emission of NOx are the two main parameters used to
decide the load control strategy.
Across the load range of the engine, different strategies, which try to make as much
advantage as possible of the properties of the hydrogen-air mixture, can be used. It is
important to know that NOx production is very dependent on the mixture richness as this is
the major parameter controlling the maximum combustion temperature. At lean mixtures NOx
production is very low until a certain ɸ is reached, the so-called NOx formation limit. A
mixture richer than this limit, which is normally around ɸ=0.5, will produce high levels of
NOx and a maximum will be reached at about ɸ=0.77. So, for loads below this NOx
formation limit, a quality-based mixture control will be used.
For very low loads, the mixture has to be very lean because the coefficient of variation is high
due to the lower combustion velocity and combustion stability. Therefore throttle control is
used at these loads in order to enrich the mixture. At high loads, different methods can be
used to control the engine, depending on the mixture formation. For example, beyond the
NOx formation limit throttled stoichiometric operation with a reduction catalyst can be used.
This catalyst for NOx reduction can be used with great efficiency (> 99.5%) because H2,
which is present in the exhaust feed gas at stoichiometric ratios, is a highly efficient reducing
agent. For higher efficiency, exhaust gas recirculation instead of throttling can be used in this
load range to control the amount of fresh air in the engine. Efficiencies of 35% and 40% are
reported for respectively throttle and EGR control in this load range.

1.3.3.7.

Dedicated hydrogen spark-ignition engines

In this section, an attempt is made to provide a comprehensive overview of engine design
features that make the most of hydrogen’s advantages and counter its disadvantages.
•
•

•

•

•

•
•

•

•

Spark plugs: use cold rated spark plugs to avoid spark plug electrode temperatures
exceeding the auto-ignition limit and causing backfire
Ignition system: avoid uncontrolled ignition due to residual ignition energy by
properly grounding the ignition system or changing the ignition cable’s electrical
resistance.
Injection system: provide a timed injection, or using port injection and programming
the injection timing such that an initial air cooling period is created in the initial phase
of the intake stroke and the end of injection is such that all hydrogen is inducted,
leaving no hydrogen in the manifold when the intake valve closes. Another option is
to use direct injection during the compression stroke.
Hot spots: avoid hot spots in the combustion chamber that could initiate pre-ignition
or backfire, use cooled exhaust valves or use a multi-valve engine to further lower the
exhaust valve temperature. ( a multi-valve engine is an engine where each cylinder
has more than two valves)
Valve seats and injectors: the very low lubricity of hydrogen has to be taken into
account, suitable valve seat materials have to be chosen and the design of the injectors
should take this into account.
Lubrication: engine lubrication oil compatible with increased water concentration in
the crankcase has to be chosen.
Compression ratio: this should be chosen as high as possible to increase engine
efficiency, with the limit given by increased heat losses or appearance of abnormal
combustion.
In-cylinder turbulence: because of the high flame speeds of hydrogen, low turbulence
combustion chamber, like a pancake ore disk chamber and axially aligned symmetric
intake port, can be used which are beneficial for the engine efficiency. They might
even by necessary to avoid abnormal combustion at stoichiometric operation.
Electronic throttle: as stated earlier, throttling is needed at very low loads to maintain
combustion stability and limit unburned hydrogen emission. At medium to high loads,
throttling might be necessary to limit NOx emissions. This can only be realized with a
drive-by-wire system.
1.3.3.8.

Power output

As mentioned earlier, the theoretical maximum power output of a hydrogen engine depends
on the used fuel-air ratio and the used fuel injection method. At the stoichiometric fuel-air
ratio, hydrogen will displace 29% of the combustion chamber and leaving only 71% for the
air. As a result of that, the energy content of this mixture will be less than it would be if the
fuel was gasoline. Since gasoline is a liquid, it only occupies a very small volume of the
combustion chamber and thus allows more air to enter.
In case an engine is equipped with a carburetor or port fuel injection, which mix the fuel and
air prior to it entering the combustion chamber, the maximum theoretical power obtained by

these engines is about 85% of that of gasoline engines. The direct injection engines, which
mix the fuel with the air after the intake valve has closed and thus the combustion chamber
has 100% air, have a maximum output which can be approximately 15% higher than that for
gasoline engines.
Therefore, depending on how the fuel is metered, the maximum output for a hydrogen engine
can be either 15% higher or 15% less than that of gasoline if a stoichiometric fuel-air ratio is
used. However, at a stoichiometric fuel-air ratio, the combustion temperature is very high and
as a result it will form a large amount of nitrogen oxides. Since one of the reasons for using
hydrogen is low exhaust emissions, hydrogen engines are not normally designed to run at
stoichiometric fuel-air ratio.
Typically hydrogen engines are designed to use about twice as much air as theoretically
required for complete combustion. At this fuel-air ratio, the formation of NOx is reduced to
near zero. Unfortunately, this also reduces the power output to about half that of a similarly
sized gasoline engine. To make up for the power loss, hydrogen engines are usually larger
than gasoline engines, and/or are equipped with turbochargers or superchargers.
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2.1.

Analysis and classification of the fuel cell technologies

2.1.1. Characteristics of the Fuel Cell in General
2.1.1.2.

Basic reactions

A fuel cell is an electrochemical energy converter – it converts chemical energy of fuel
directly into electrical energy.
There are two simultaneously electrochemical reactions - one at the anode:

and another one – at the cathode side:

These are the overall reactions and they may differ in type and/or fuel of the fuel cell.
2.1.1.3.

Heat of reactions

The overall equation of the fuel cell including heat (exothermic reaction) is:

If the temperature of all reactants is 250C and reaction is under atmospheric pressure, then the
produced heat
2.1.1.4.

.
Electrical work

The way how to measure the energy at the input of fuel cell is to use the hydrogen heating
value. Not all the heat can be produced in electricity. According to Gibbs free energy at 250C
and under atmospheric pressure out of 286 kJmol-1, 237.34 kJmol-1 can be converted into
electrical energy, but the remaining 48.68 kJmol-1 into heat.
2.1.1.5.

Potential

The theoretical potential of the fuel cell is:

where the ΔG is the Gibbs free energy; n is the number of electrons per molecule; F is the
Faraday’s constant 96.485 kCoulombs/electron-mol.

Therefore:   

2.1.1.6.

Temperature

The theoretical fuel cell voltage is not an exception and gets affected by the temperature and
can be expressed by equation:

2.2.

Investigation of the fuel cell

2.2.1. Electricity production by fuel cells
The fuel cell is the most attractive energy device among those which use hydrogen as a fuel
and developed by nowadays especially for electricity supply of mobile systems.
The fuel cell is an electrochemical source of electric power, the device which provides the
direct transformation of chemical energy into electric one.
The fuel cell was mentioned for the first time in 1839 by English scientist William Robert
Grove who studied the process of water electrolyzing and found out that after switching off
external current the direct current is generated inside the cell.
In the 1830's using 2 platinum electrodes in water Grove used electrolysis to produce
hydrogen and oxygen from water. In 1839 he reversed the process to combine the two
elements and produce an electric current, the first fuel cell.
The electrodes separated by electrolyte are the main components of fuel cell as well as
systems supplying fuel to one electrode and oxidizing agent to another and removing the
reaction products.
At the anode a catalyst oxidizes the fuel, usually hydrogen, turning the fuel into a positively
charged ion and a negatively charged electron. The electrolyte is a substance specifically
designed so that the ions can pass through it, but the electrons can not. The electrons travel
through a wire creating the electric current. The ions travel through the electrolyte to the
cathode. Once reaching the cathode, the ions are reunited with the electrons and the react
with a third chemical, usually oxygen, to create water or carbon dioxide.
The electrochemical generator is an ensemble of fuel cells battery and devices for feeding
reactants and its regulation, removal of heat and reaction products (which may be recycled).
The fuel cell is connected with electrical load by external electric circuit that consumes
power.
Although galvanic cells and electric batteries have similar mechanism and operation
principles the fuel cells have two essential distinctions: 1) they are externally continuous
supplied by the fuel and oxidizing agent and they operate while these components come in; 2)
electrolyte chemical composition during operation is not changed, i.e. fuel cell does not need
to be recharged.
Thus the fuel cell is able to operate almost unlimited time unless it is supplied by reactants
and heat and reaction products are being removed.
The absence of moving mechanical parts, such as rotating rotors etc. is the most important
advantage of fuel cells as well as other electrochemical generators.

The electric power in the fuel cells is generated without the combustion process, the
conversion of thermal energy into mechanical energy, and the last into electric one. Due to
these circumstances the efficiency of the fuel cell is not limited like the efficiency of the
Carnot cycle for thermal machines, and can be much higher. The comparison of different
energy technologies efficiencies is presented in Fig. 1.

Fig.1. Comparison of efficiency for different energy conversion technologies.
The lighter weight and smaller dimensions are more advantages of fuel cells comparing with
traditional power sources with the same characteristics. They produce less noise, less heat
and are more effective regarding fuel consumption.
The hydrogen is the most often fuel for fuel cell and oxygen is oxidizing agent including the
oxygen from air. Instead of pure hydrogen other types of fuels containing hydrogen can be
used in fuel cells including natural gas. However, when using hydrocarbon fuels certain level
of carbon dioxide emissions is inevitable as well as other harmful substances.
Lately, when issues of power supply reliability and environmental problems have become
particularly important, many companies in Europe, Japan and the United States have started
to develop and manufacture a variety of options for fuel cells.
2.2.1.2.

Proton exchange membrane fuel cells

The scheme of Proton Exchange Membrane Fuel Cell (PEMFC) is shown in Fig. 2

Fig. 2. The scheme of fuel cell with PEM
(http://www.spinam.eu/fc.html)
One of the most common designs of fuel cell uses Proton Exchange Membrane (PEM) as
solid electrolyte (blue on Fig.2). PEM is a polymer membrane generally. Today one of the
most commercially available PEM materials is the fluoropolymer Nafion produced by
DuPont. Nafion is an ionomer like Teflon.
The specific feature of PEM is its ability to transmit protons and not transmit electrons.
Generally the electrodes of such fuel cells are made of porous graphite coated with platinum
catalyst. The molecule of hydrogen H2 decomposes into atoms, and the hydrogen atom H
splits into a positively charged proton H+ and a negatively charged electron e- on such
electrode which is the anode.
Thus the following reaction takes place on the anode of fuel cell: 2Н2 → 4Н+ + 4е─.

The electrons resulting on the anode go to the external circuit and create therein electrical
current. These electrons performing the work on the load return to the fuel cell to another
electrode (cathode). Here the electrons are combined with protons which passed through
membrane on the cathode and form hydrogen atoms. The hydrogen atoms on the cathode are
combined with oxygen atoms which are delivered to the cathode from the external source.
This combination creates the hydrogen combustion product namely water. This water is
removed to the outside environment. Thus the following reaction takes place on the cathode
side:
4Н+ + 4е─ + О2 →2Н2О or Н2 + 1/2О2 = Н2О. This reaction proceeds with heat release of
the value 285.937 кJ/moll. Thus the fuel cell is not only the source of electric energy but heat
energy as well.
Maximum theoretical voltage on PEMFC is 1.23 V at room temperature and ambient
pressure. The operating voltage is less, and at normal current densities such as 1 A/cm2, and
typical cell voltage is 0.6 V.

The possible fuel cell design is presented below in Fig. 3.

Fig. 3 – Design of Proton Exchange Membrane Fuel Cell
The fuel cell described above is reversible. It means that it is possible to supply the constant
voltage to the electrodes and fill it with water the reverse reaction will take place – the
electrolysis of water, i.e. decomposition of water into hydrogen and oxygen.
The fuel cells with proton exchange membrane (PEMFC) operate at relatively low working
temperatures (60-160 OC). They are characterized with high power density, allow you fast
adjustment of the output power and can be quickly switched on. Typical power density of
PEMFC is order 1 mW· cm−2.
The maximal theoretical efficiency of PEMFC is 83% at 298 K, but its practical efficiency is
in the range of 40–60%.
Disadvantages of such elements are expensive catalysts, sensitivity to fuel impurities which
can damage the membrane, and low temperature waste heat.
The first fuel cells with proton exchange membrane (PEMFC) were developed by
“General Electric” corporation as for NASA request in 1960-s. These fuel cells were used on
the pilot spacecraft “Gemini” due to their simplicity and reliability.
2.2.1.2.1.

Laboratory work “Investigation of PEMFC”

Laboratory work is carried out on the Heliocentris’ “Dr FuelCell® Science Kit”.
A goal of the laboratory work is to investigate principle of operation and characteristics of
PEMFC.
Installation:
Dr FuelCell® Science Kit

1

Electrolyzer

Storage volume for hydrogen and
oxygen 10 ml each
Operating voltage 1.4 ... 1.8 V,
Electric current max. 500 mA
Hydrogen production max. 3.5 ml
/ min (at 500 mA)

2

Fuel Cell

Voltage 0.4 ... 0.9 V
Current max. 1,000 mA
Rated output 0.25 W

3

Load
Measurement
Box

Ammeter 0 ... 2 A
Voltmeter 0 ... 20 V DC

Tasks:
1.

Define the open-circuit voltage of PEMFC

2.

Define current-voltage characteristics of DMFC

3.

Define dependence of power on load value
2.2.1.3.

Direct Methanol Fuel Cells

For production of electricity in a fuel cell not only pure hydrogen can be used as in
technology PEMFC, but also materials containing hydrogen, for example, natural gas,
ammonia, spirits (methanol, ethanol) or gasoline.
Thus special interest represents the process at which atomic hydrogen is produced from fuel
inside fuel cell and then is used in PEMFC technology.
Utilizing pure hydrogen as a fuel besides electricity the products of chemical reaction as
thermal energy and water are applied. In this case there are no gases and another substances

causing pollution of the air and environment. If fuel cell consumes more complicated fuels
having hydrogen and another substances, the products of chemical reactions in it can include
harmful gases, for example, carbon and nitrogen oxides, however their quantity is much less,
than at their direct combustion.
The most suitable fuels for such technology are spirits which possess ability to reaction of
oxidation in the presence of the catalyst with extraction of molecular hydrogen at room
temperatures. Today the best power indicators for these purposes contain methyl spirit
(methanol) and on its basis Direct Methanol Fuel Cells (DMFC) are developed.
Methanol is the simplest spirit and has a chemical formula CH3OH. It is also known as wood
alcohol or wood spirits because it was once produced chiefly as a by-product of the
destructive distillation of wood. Now methanol is produced in a catalytic industrial process
directly from carbon monoxide, carbon dioxide, and hydrogen. Methanol is a renewable
energy source as it can be produced from wood.
Methanol is a light, colourless, and volatile at room temperature liquid. It is flammable with
flash point15,6 OC. Methanol burns in oxygen including open air, forming carbon dioxide
and water: 2CH3OH+3O2→2CO2+4H2O. With air in volume concentration of 6,72-36,5 %
methanol forms explosive mixture.
Methanol is used industrially as a solvent, pesticide, and alternative fuel source. It also occurs
naturally in humans, animals, and plants. At home, you can be exposed to methanol if you
use consumer products such as wall and spray paints, paint strippers, adhesives, cleaners,
insulation products, pesticides, and car windshield washer fluid or antifreeze. Now methanol
is produced in the large industrial scales mainly for production of formaldehyde which is a
basis at manufacturing of phenol-formaldehyde resin and solvents in a paint and varnish
industry. Annual world production of methanol is tens millions tons. Its main manufacturers
are USA and Germany. Its cost is about $300 per ton.
Methanol is a highly toxic liquid. Swallowing, breathing, or absorbing through the skin 30 g
of methanol can cause death. Exposure to methanol can cause visual problems and
swallowing of 10 g of methanol lead to blindness. Special danger is methanol practically does
not differ from wine (ethyl) spirit by smell and taste.
Therefore the using of methanol demands extra care and execution of special safety rules.
Methanol has the next physical properties: density 0,795 g/cm3 at 20 OС, boiling point 64,6
OC at pressure 101,3 kPa, freezing point minus 97,6 OC, heat of combustion 22,7 MJ/kg
(Hydrogen 141,80 MJ/kg), critical temperature 239 OC, critical pressure 8,084 MPa.
DMFC was invented in 1990 by Dr. Surya Prakash a world-renowned super acid specialist
and Nobel laureate Dr. George A. Olah at the University of Southern California's Loker
Hydrocarbon Institute, USA.

Fig.1 Scheme of DMFC
The main elements of DMFC are the electrodes covered with a layer of the catalyst, and
located between them Proton Exchange Membrane, as is represented in Fig.1. As electrodes
porous graphite is used, and a catalyst basic element is platinum Pt. Fuel is the water solution
of methanol which is directed to one of the electrodes - anode.

On the anode in the presence of catalyst methanol is oxidized with formation of molecules of
hydrogen and carbon dioxide CO2. Carbon dioxide leaves outside. The hydrogen molecule is
split into hydrogen ions (protons) and electrons.
And then like PEMFC protons permeate across the membrane to the cathode while the
electrons flow through an external circuit and produce electric power. So the reaction on the
anode is CH3OH + H2O → CO2 + 6H + + 6e −. Oxygen, usually in the form of air, is
supplied to the cathode and combines with the electrons and the hydrogen ions to produce
water. The reaction on the cathode is 1,5O2 + 6H+ + 6e− → 3H2O. This reaction is
exothermic and is accompanied by heat evolution.
The overall reaction formula for DMFC is CH3OH + 1,5O2 → CO2 + 2H2O.
Thus, as a result of the processes in DMFC electric and thermal energy, and also products of
reaction - water and carbon dioxide are produced.
DMFC is environmentally friendly. Although carbon dioxide is produced, there is no
production of sulphur or nitrogen oxides.
The main advantage of methanol is its liquid form in the wide range of temperatures: -97 °C
to 64 °C. Reaction of oxidation of methanol can occur at room temperatures, therefore
DMFC are low temperature devices and can work without special heat exchangers.
So the store and transportation of methanol is much cheaper than hydrogen. At the same time
the energy density is more than liquid hydrogen. There is hydrogen 98.8 grams per liter in
methanol versus 70.8 grams per liter in liquid H2. When compared to superior battery
technologies methanol's theoretical energy density is much better at around 18 MJ/l versus 5
MJ/l for lithium batteries.
One more parameter of the methanol is positive. At storage of gaseous hydrogen in highpressure tanks its weight makes 2-3 % from weight of a tank. At storage of methanol this

relative weight of the reserved hydrogen makes 13 % and is highest of all known systems of
storage of fuel for fuel elements.
The development of commercial DMFCs has nevertheless been hindered by some important
issues. The most important are the low power density caused by the slow electrochemical
methanol oxidation at the anode and methanol crossover through PEM, which is responsible
for inhibiting the activity of the cathode catalyst as well.
Because of methanol is capable to filter through a membrane, efficiency DMFC at great
volumes of fuel is insignificant. And though for this reason they do not suit for transport and
large installations, these devices well approach for a role of substitutes of batteries on mobile
devices.
Also limitation for commercialization of DMFCs is high cost of Platinum-based catalysts.
Catalyst and membrane cost can make to 90 % of cost of all fuel cell.
Moreover toxicity of methanol is very negative property.
The last can be eliminated when using of ethyl spirit (ethanol) as fuel in fuel cell.
Ethanol is a hydrogen-rich alcohol, it is not toxic and has a chemical formula C2H5OH. It has
a higher energy density (30 MJ/kg) compared to methanol (20 MJ/kg). The fuel cell using
ethanol is named Direct Ethanol Fuel Cell (DEFC) and works like DMFC. The reactions on
DEFC’s electrodes are: anode – C2H5OH + 3H2O → 2CO2 + 12H+ + 12e−, cathode – 3O2
+ 12H+ + 12e− → 6H2O, overall reaction - C2H5OH + 3O2 → 2CO2 + 3H2O.
However, despite these advantages DEFC while concede under the electric characteristics (to
electric voltage, density of a current, specific capacity) DMFC because reaction of oxidation
of ethanol on the anode is more difficult to be realized and less effective, than that of
methanol.
2.2.1.3.1.

Laboratory work “Investigation of DMFC”

Laboratory work is carried out on the Heliocentris’ “Dr FuelCell® Science Kit”.
A goal of the laboratory work is to investigate principle of operation and characteristics of
DMFC.
Installation:
Dr FuelCell® Science Kit
1

Direct Methanol
Fuel Cell

Voltage: 0.1 ... 0.6 V
Current : max. 100 mA
Rated output: 10 mW (with 1 M
methanol solution)

2

Load
Measurement
Box

Ammeter: 0 ... 2 A
Voltmeter: 0 ... 20 V DC

Tasks:
a) To study a construction of the Direct Methanol Fuel Cell.
b) To define open-circuit voltage of the DMFC and its dependence on concentration of
methanol in aqueous solution: 2% (0,5 mole/dm3) and 1% (0,25 mole/dm3).
c) To define volt-ampere characteristic of the DMFC and its dependence on
concentration of ethanol in aqueous solution.
d) To define the power of DMFC and its dependence on the electrical load.

2.2.2. Investigation of fuel cell batteries
Substantively the single fuel cell element provides electricity of about 0,6 V at electric
current density about 1 A/cm2.
For maintenance of necessary consumer parameters of electric energy fuel cells are
combined into batteries (Fuel cell stacks) with series and/or parallel connection of them.
For instance PM 200 - Fuel Cell Stack offered by Proton Motor consists of 96 cells
and has the next technical data
Fuel
Peak Output
Rated output
Current
Voltage
Efficiency
Dimensions
Weight
Lifetime

Hydrogen
8.8 kW
8.0 kW
up to 150 A
53-110 V
> 52%
246/136/432 mm
14.6 kg
> 5000 h

One more product of this company PM Basic 50 represents stationary power installation by
power of 50 kW, producing an electric current to 150 A and voltage 330-560 Dimensions of
this installation are 1600/870/1000 mm, and weight 500 kg. Installation is intended for
electricity supply for individual houses. (http://www.proton-motor.de/products.html

Laboratory work “Investigation of Fuel Cell Bateries”

Laboratory work is carried out on the Heliocentris’ “50 W Fuel Cell Training System” with
fuel cell module.
A goal of the laboratory work is to investigate the operation and parameters of fuel cell
battery.

Installation:
1

Heliocentris’
“50 W Fuel
Cell Training
System

2

Fuel
Module

Cell

A 50 W fuel cell stack with a fuel
cell controller, hydrogen flow meter
and air supply, as well as five LED
displays for visualization of all
essential system parameters (current,
voltage, temperature, fuel and air
supply).
Rated output 40 W
Maximum output ca. 50 W
No-load voltage 9 V
Current at rated output 8 A
Hydrogen consumption at
rated output ca. 580 sml/min
Hydrogen purity for operation min.
4.0 (99.99%)
Permissible hydrogen Pressure 0.4
… 0.8 bar

3

Electronic
Load Module

The electronic load enables manual
or computer-assisted adjustment of
constant rated currents for the fuel
cell for recording characteristic
curves.

Tasks
1. To study a construction of the fuel cell battery with power 50 W.
2. To define open-circuit voltage of the battery.
3. To define volt-ampere characteristic of the battery and its dependence on the hydrogen
consumption.
4. To define the power of the battery and its dependence on the hydrogen consumption.

2.2.3. Investigation of portable fuel cells applications
The use of fuel cells covers today three broad areas:
- stationary power generation: electricity production on power plants, emergency energy
sources, independent electric supply. Power stations based on fuel cells by capacity about 10
МВт are created in the USA and Japan;
- power for transportation: electric vehicles, sea vessels, the railway techniques, auxiliary
transport (warehouse loaders, the airport techniques, etc.);
- portable power generation: portable electronics, mobile telephones, charging units; an
onboard power (the aviation and space techniques, submarines, sea transport).
The main commercially successful directions of fuel cell applications lie now in the fields of
electric power sources for electronic devices and transport.
Fuel cells with proton exchange membrane originally were developed by corporation
«General Electric» in 1960th by request of NASA. Due to their simplicity and reliability in
1965 they were tested as an energy source on a piloted spaceship «Gemini-5» and further
were used on spaceships “Apollo” and others.
Since 2002 many companies including such electronic giant as CASIO Computer, Toshiba,
Hitachi, Motorola, Panasonic are working on developing the technology that could replace
conventional batteries for power supply of electronic devices, especially for laptops and
mobile phones.

In 2009 Toshiba launched its first Direct Methanol Fuel Cell - Dynario™ as external power
for mobile electronic devices. Its dimensions are 150 x 21 x 74.5 mm and weight Approx.
280g (without fuel). Fuel tank capacity
is 14ml. Output - DC5V-400mA.
Toshiba recognizes the DMFC as a high potential solution for portable equipment and is
promoting intensive technology and product development, including improved practical use
and downsizing. Once fueled with an injection of methanol solution from its dedicated
cartridge, Dynario™ starts to generate electricity that is delivered to a digital consumer
product-a mobile phone or a digital media player-via a USB cable. On a single refill of
methanol which can be made in an instant period (around 20 seconds), Dynario™ can
generate enough power to charge two typical mobile phones.

Also Toshiba develops tiny methanol fuel cell as a power source for gadgets such as a digital
music player. It has size 22 x 56 x 4.5mm and weight 8.5 g including 2cm3 of methanol fuel
and produces 100 mW of electricity which the company says is enough to power a MP3
player for about 20 hours on a single charge of methanol fuel.
(http://www.toshiba.com/taec/news/press_releases/2009/dmfc_09_580.jsp)
Now a lot of laptops powered by a built-in fuel cell are designed.
Also application of fuel cells in transport systems has wide prospect.

Ballard designed and manufactured fully-integrated fuel cell modules delivering 75 kW or
150 kW of power for use in the bus market. They were created for the transport of London
and it was the first experience of fuel cell commercialization for hybrid bus. These vehicles
allow operate for up to nineteen hours without refueling. “Zero-emission fuel cell-powered
buses deliver economic, operational as well as environmental benefits, when compared to
traditional diesel or diesel hybrid systems. Economic benefits are a direct result of increased
fuel cell efficiency and reliability. And fuel cell buses emit only water vapour, eliminating air
pollutants such as nitrogen oxides, sulphur oxides and particulate matter. Fuel cell buses can
also significantly reduce greenhouse gas emissions on a “well-to-wheel” basis, when
compared to conventional technologies” – Ballard says.
(www.ballard.com/fuel-cell-applications/bus.aspx).

The Honda FCX Clarity is a hydrogen fuel cell automobile manufactured by Honda and
presented in 2008. The vehicle's electrical power produced by hydrogen fuel cell stack of
PEMFC is 100 kW. As in any electric car, waste energy from braking and deceleration is
captured by the Motor/Generator and stored in a battery. The electric motor is based on the
motor in the EV Plus, rated at 100 kW. Fuel is compressed hydrogen gas. Hydrogen tank
stores about 4 kg of hydrogen at pressure 35 MPa. The vehicle consumes approximately 1 kg
of hydrogen on 100 km run. So the driving range on a full hydrogen tank is about 400 km.
(http://automobiles.honda.com/fcx-clarity/).

The ENV (Emission Neutral Vehicle) is an electric motorcycle prototype powered by a
hydrogen fuel cell. It is being developed by Intelligent Energy, a British power technology
company that specializes in the development of Proton Exchange Membrane (PEM) fuel cells
for application in the automotive.

For Suzuki Burgman Fuel Cell Scooter hydrogen fuel cell stack of PEMFC (Intelligent
Energy Ltd) is installed on retrofitted Suzuki Burgman 125 scooter and produces 6 kW of
electrical power. Fuel is compressed hydrogen gas, stored in a tank under pressure 70 MPa.
The driving range is about 350 km at velocity 50 km/h.
The Company used proton exchange membrane fuel cell technology to develop a 10 kW
engine for a new all-electric delivery van. Intelligent Energy and PSA Peugeot Citroën
successfully integrated the new engine into the Peugeot Partner van to give a hybrid electric
vehicle. The vehicle is powered by a battery and the fuel cell system (which extends the
vehicle’s range and can be refueled in a similar time to that of a petrol or diesel vehicle).
Intelligent Energy and PSA Peugeot Citroën worked closely together to integrate the fuel cell
technology in to a standard Peugeot Partner electric van.
(http://www.intelligent-energy.com/)

In 2008 -- Boeing announced its first time in aviation history flight of airplane powered by
hydrogen fuel cells.

A two-seat Dimona motor-glider with a 16.3 meter wingspan was used as the airframe. Built
by Diamond Aircraft Industries of Austria, it was modified by a Proton Exchange Membrane
(PEM) fuel cell/lithium-ion battery hybrid system to power an electric motor coupled to a
conventional propeller. Three test flights took place in February and March in Spain. During
the test flights in Spain the airplane climbed to an altitude of 1,000 meters above sea level
using a combination of battery power and power generated by hydrogen fuel cells. Then, after
reaching the cruise altitude and disconnecting the batteries, the airplane flew straight and
level at a cruising speed of 100 kilometers per hour for approximately 20 minutes on power
solely generated by the fuel cells.
(http://www.boeing.com/news/releases/2008/q2/080403a_nr.html).
Laboratory work “Investigation of conversion of hydrogen energy to electrical and
mechanical energy”.

Laboratory work is carried out on the Heliocentris’ “50 W Fuel Cell Training System” and
“Model car with Reversible Fuel Cell”.
A goal of the laboratory work is to investigate principle and parameters of conversion of
hydrogen energy to electrical and mechanical energy.

Part 1.
A goal of this part of laboratory work is to investigate principle and parameters of conversion
of hydrogen energy to electrical energy.
Installation:

1 Heliocentris’
“50 W Fuel
Cell Training
System”

2 Reversible
Fuel Cell with
Integrated Gas
Storage
Cylinders
3 DC/DC
Converter
Module

4 Traffic Light
Module

This is a fuel cell and
hydrogen generator in one. It
is operated with distilled
water.
The
generated
hydrogen is stored safely and
directly in integrated gas
storage cylinders.
The module converts the
unregulated output voltage of
the fuel cell to 12 V DC
voltage and can be used for an
autonomous power supply to
operated 12 V consumers.
With LCD displays for useful
power
and
internal
consumption of the fuel cell
system.
Input voltage 2 … 10 V DC
Output voltage 12 V DC
Max. input current 10 A
The LED traffic light is a
realistic sample consumer on a
12 V basis at the output of the
DC/DC converter.

Part 2.
A goal of this part of the laboratory work is to investigate principle and parameters of
conversion of hydrogen energy to mechanical energy.

Installation:
Dr FuelCell® Science Kit “Model Car with Reversible Fuel Cell”

1 Model
Car
with
Reversible
Fuel Cell

2 Reversible
Fuel
Cell
with
Integrated
Gas Storage
Cylinders

3 Solar Module

4 Load
Measurement
Box

5 Hand
Generator

This is a fuel cell and
hydrogen generator in
one. It is operated
with distilled water.
The
generated
hydrogen is stored
safely and directly in
integrated gas storage
cylinders.
The
photovoltaic
module is used for
generating
electric
energy for hydrogen
production.
The
module
can
be
mounted on the car
chassis to make a
solar vehicle.
Integrated consumers,
such as a motor, a
lamp and 7 selectable
resistors
enable
numerous experiments
such as recording
characteristic curves,
current and voltage.
The high-quality hand
generator,
is
an
alternative to the solar
panel. Muscle power
is used to generate
electrical energy for
the separation of
water in the reversible
fuel cell.

2.3.
Analysis and classification of the fuel cell powered
one/three phase systems

2.4.
Fuel cell DC/DC and DC/AC converter design and
experimental investigation
The fuel cells used in domestic application, as either main power supply or backup source,
need to be connected to the grid. Thereby its DC voltage (25-50V) has to be transformed by
means of a power conditioner system into AC voltage in accordance with the grid voltage
parameters. These power conditioner systems usually consist of a DC/DC converter and a
DC/AC converter. A DC/DC converter is an electrical device that converts a DC input
voltage into another DC output voltage, typically regulated. A DC/AC converter is an
electrical device that changes direct current (DC) to alternating current (AC).
Figure 2-1 is illustrated the change of the power parameters by the converter. The main
aspect here is the efficiency of the conversion. The next book section will present some basic
isolated boost converter and inverter topologies, which could be suitable for this application
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Figure 2-1. Power conversion system

Nowadays in the power conversion system the tendency is to realize the voltage boost at the
DC side of the converter using a high-frequency transformer. The main reason for that is the
substantially smaller physical layout and at the same time less filtering for the voltage and
current ripples. In case with fuel cell, the voltage boost factor is relatively high (from 25-50V
to 400V), it seems to be more advantageous to use a boost DC-DC converter in order to lower
the transformer turns ratio.

2.4.1. Suitable DC/DC converter topologies for fuel cell application
There are many transformer isolated dc-dc converter topologies, which could be suitable to
perform the necessary voltage boost from the fuel cell voltage level to the inverter dc link
voltage. Such converters are the Full-bridge, Half-bridge, the Fly-back, the Forward and the
Push-pull basic topologies, as well as a number of their derivate topologies. These can be
divided into two groups – voltage source converters and current fed converters. Current fed
topology is preferred, since it is characterized by low input current ripple, which is more
appropriate for proton exchange membrane fuel cells modules. Considering the necessity of
high voltage boosting function with low input current ripple, the most appropriate converters
seem to be the current-fed Full-bridge and Push-pull configurations. This section presents
several current fed isolated dc-dc step-up topologies. It includes a converter scheme, main
waveforms and short operation description. Key parameters and equations presented for each
topology. Advantages and disadvantages for each topology are summarized.

2.4.1.2.

Full-bridge isolated boost converter

Its scheme and waveforms are presented in Figure 2-2. The switching patterns for the
switches are shown in the first two waveforms. During the (0-t1) time interval all the
switches are turned on allowing the inductor to charge; no energy is transferred at this time to
the output. In the time interval (t1-t2) the QS2, QS3 are turned off while the complementary
switches are kept on. In this time interval the energies of the inductor and fuel cell are
transferred to the output. The next time interval all switches conduct again and the inductor is
charging. In the time interval (t3-t4) the QS1 and QS4 are turned off while QS2 and QS3 are
on. Again energy is transferred to the output.
The steady-state transfer ratio for the current fed full bridge converter is:
VDC
n
=
VFC 1 − D
IR 1− D
=
; I FC = I L
I FC
n

(0.1)

The inductor and input current ripples (average to peak) are the same considering that the
inductor is in series with the fuel cell and are described with the expression:
ΔI L = D ⋅

VFC
, ΔI L = ΔI FC (0.2)
2 Lf L

where f L = 2 f s , f s =

1
T

The transistors must block the reflected load voltage. This type of converter is usually
utilized at above 750W.
Advantages:
•
•

good transformer utilization – bipolar magnetization of the core
good performance with current programmed control – reduced DC magnetization of
transformer

Disadvantages:
•

high part count
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Figure 2-2. Full-bridge converter scheme (a) and its typical waveforms (b)
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2.4.1.3.

Single inductor boost push-pull converter (SIC)

Its electrical scheme and the typical waveforms are represented in Figure 2-3. The switches
control signals are shown in the first two waveforms. In (0-t1) time interval both switches are
turned on; the inductor is charging – no energy is transferred to the output. In the second time
interval the switch S2 is turned off allowing the energy transfer to the output. Both switches
will conduct again in the next time interval; the inductor is charging again. During (t3-t4)
time interval S1 is switched off and energy is transferred to the output.
The converters DC voltage gain is:
VDC
n
=
VFC 1 − D
IR 1− D
=
; I FC = I L
I FC
n

(0.3)

Inductor and input current ripples are equal and have the expression:
ΔI L = D ⋅

VFC
(0.4)
2 Lf L

where: f L = 2 f s , f s =

1
T

Advantages:
•
•
•

high efficiency capability
good transformer utilization
smooth input current

Disadvantages:
•
•

high blocking voltage for the switches
difficulties in the practical realization of the transformer
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Figure 2-3. SIC push-pull converter scheme (a) and its typical waveforms (b)
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2.4.1.4.

Double inductor push-pull boost converter (DIC)

The scheme of the DIC converter and its waveforms are represented below in Figure 2-4. The
switching patterns are identical like in the case of single inductor topology. The difference
versus SIC converter consists in presence of two inductors which change the components
current and voltage rating and simplifies the transformer.
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Figure 2-4. DIC push-pull converter scheme (a) and its typical waveforms (b)

In Fig , D is defined as the on-time of the switch from a period of T/2 and L1=L2=L
The steady state transfer ratio of the DIC:
VDC
2n
=
VFC 1 − D

IR 1− D
(0.5)
=
I FC
2n

Inductor current ripple has the expression:
ΔI L = (1 + D ) ⋅

VFC
(0.6)
4 Lf L

Input current ripple:
ΔI FC = D ⋅

VFC
(0.7)
2 Lf L

where: f L = f s , f s =

1
T

Note: I FC = 2I L
Additional advantages versus SIC:
•
•
•
•

simpler transformer
lower ripple in input current
lower voltage across the switches Error! Reference source not found.
lower inductor switching frequency

Disadvantage versus SIC:
•

two input inductors
2.4.1.5.

Evaluation of the DC/DC converter relative losses

In the following chapter the efficiency of the three converters will be compared by means of
evaluating their relative losses. The losses in the Full-bridge topology will be considered as
unity and the other two topologies losses will be expressed in per-unit values. To compare the
three converters efficiency, it has been assumed the equal operating conditions for all of
them:
The main ratings of the above-described converters, assuming the above operating conditions
can be summarized like:

Parameter

Full-Bridge

SIC

DIC

4

2

2

1

1

2

Transformer

1 primary coil

2 primary coils

1 primary coil

Switch peak
voltage

VDC/n

2*VDC/n

VDC/n

Number
switches

of

Number
Boost
Inductor

of

Switch
current

rms

I FC 2 − D 2 = I FC ⋅ 0.55 I FC 2 − D 2 = I FC ⋅ 0.55 I FC 2 − D 2 = I FC ⋅ 0.59

Boost
inductor
current

IFC

IFC

IFC/2

Inductor
current ripple
frequency

2fS

2fS

fS

Trafo peak
volt- ampere

(VDC/n)*IFC

(VDC/n)*IFC

(VDC/n)*IFC/2

0.845

0.845

0.69

Duty-cycle

Table 1 1 The main ratings of the considered converters
Evaluating the losses in the above considered converter topologies, using the same operating
conditions, the relative losses in the switches and transformer can be estimated:
Loss types

Full-Bridge

SIC

DIC

PSW, switch

1

∼1

∼0.5

PC, switch

1

∼0.5

∼0.56

PCOPPER, transf

1

∼1

∼0.5

PCORE, transf

1

∼1

∼1

PCOPPER, inductor

1

∼1

∼0.64

PCORE, inductor

1

∼1

∼1.19

PSW – switching losses, PC – conduction losses, PCOPPER – copper losses, PCORE – core
losses
Table 1 2 Relative losses
The losses are expressed in per-unit values where the bases are the losses of the full bridge
topology.
The above analysis is used as a guide to choose the topology that seems to be the most
attractive concerning the efficiency. The introduced values are mostly reference, since this
classification was made based on a simplified circuit analysis.
Based on the previous analysis the losses in switches are considerably lower for the DIC
topology. This is an important advantage since the highest losses in the converter appear in
the switches. Thereby reducing them, considerably improves the converter efficiency. The
transformer losses also appear to be the smallest for the DIC from the considered topologies
Due to the double number of inductors (with larger inductances), the inductor losses will be
the largest for the DIC, having approximately 19% more losses than the Full-Bridge and SIC
converters.
However, taking into account that the inductor losses have relatively low contribution to the
total losses, the above comparison suggests that the most promising topology for DC/DC
converter is the DIC Push-Pull converter. Thereby this converter has been chosen to be
designed and experimental verified. In the next chapter, a more detailed analysis of the DIC
converter will be provided.

2.4.2. Current fed double inductor DC/DC converter design
The converter comparison made in Chapter 1.1 clearly indicated that isolated double inductor
push-pull converter is a good candidate for a fuel cell converter. In this chapter design of
converter components of this topology is presented. It starts with power switches and diodes
rectified selection. The design continues with the inductor calculation, at the end the output
capacitor is chosen.
2.4.2.2.

The power switches

At higher switching frequencies, which are used in DC-DC converters, the MOSFET is the
best choice in terms of cost and performance. The constraints in choosing the power switches
are the peak voltage that the switch must block and the rms current that will flow through it.
The MOSFET must have also the lowest possible Drain to Source on-resistance in order to
minimize the conduction losses.
The maximum voltage on transistor in off state is primary voltage of the transformer:

Vsw _ peak =

Vout
(0.8)
n

The switch rms current can be calculated from the switch current waveform presented in
Figure 4(b)
2
2
T
1 2
1 ⎛ T ⎛ I FC ⎞
T
T ⎛ I FC ⎞ ⎞
2
=
isw (t )dt =
⎜ D ⎜
⎟ + (1 − D ) I FC + D ⎜
⎟ ⎟ =
T ∫0
T ⎜⎝ 2 ⎝ 2 ⎠
2
2 ⎝ 2 ⎠ ⎟⎠
(0.9)
2−D
= I FC
2

I sw _ rms

where IFC has been defined as input current to the converter
The losses in MOSFETS are the sum of conduction losses and switching losses. The Drain to
Source on-resistance and the rms drain current give the conduction losses based on the
expression:
2
Pcond = I sw
_ rms ⋅ RDS ( on ) (0.10)

The switching losses depend on the switching frequency and the commutation times of the
transistor:

1
Psw = ⋅ I sw ⋅Vsw ⋅ (ton + toff ) ⋅ f s (0.11)
2
where:
•
•

ton – turn-on time of the transistor
toff – turn-off time of the transistor
2.4.2.3.

The diode rectifier

The criteria for selecting the diode rectifier include: fast switching, sufficient breakdown
voltage, current rating and low forward voltage drop to minimize power dissipation.
The diode rms current can be calculated from Figure 4. And it has the expression:
T

I D _ rms

1 2
1
T 2
1− D
(0.12)
=
iD (t )dt =
= I DC
(1 − D ) I DC
∫
T0
T
2
2

The voltage drop across the diode in a conducting state is primarily responsible for the losses
in the diode. The switching losses are very small compared to conduction losses and are
usually ignored.
PD = VD ⋅ I DC ⋅

(1 − D ) T / 2 (0.13)
ton
= VD ⋅ I DC ⋅
T
T

where VD is the forward voltage drop on the diode in conduction state.

2.4.2.4.

Inductor design

In the case of inductor design one of the design constraints is the copper loss; the winding
must be capable of delivering current to the load within specified regulation limits. Another
constraint defines the maximum permissible temperature rise for the inductor and not less
important constraint is the efficiency of operation. The volume and weight can be introduced
as well as constraints in design.
In design of an inductor the influence of its magnetic field on the other devices near to it must
be taken into consideration. The use of toroidal powder cores solves this problem; the leakage
magnetic flux is insignificant if the winding covers the core along the whole magnetic path
length.
The value of the desired inductance comes from the desired input current ripple of the
converter ( ).
The desired converter input current ripple is 2.5% from the maximum current value. Using
the desired input current ripple, in the case of the rated power, the value of the desired
inductance is:
L=

VFC ⋅ D
(0.14)
2 ⋅ ΔI FC ⋅ f s

In that case, the inductor current ripple will be:
ΔI L =

VFC 1 + D
1+ D
(0.15)
⋅
= ΔI FC ⋅
L ⋅ 2 ⋅ fs
2
2D

The calculated total losses in inductors for one converter are:

PΣ = PCu + Pfe = I 2 R + (W / kg ) ⋅Wtfe ⋅10−3
where:
•
•

W/kg – watts per kg for the appropriate core material
Wtfe – magnetic core weight
2.4.2.5.

The output capacitor

The value of the output capacitor can be calculated from the capacitor voltage ripple. For a
desired voltage ripple of 1% from the output voltage results:

Δvc = (1%) ⋅U out
The expression of the capacitor voltage ripple can be deduced from Figure 5. During the time
when the both switches conduct (DT/2), the load is disconnected from the fuel cell; that
means the energy is supplied by the capacitor (the capacitor discharges). In the rest of the
period (capacitor period - T/2) the capacitor is charging. We can express the capacitor voltage
ripple as the voltage slope from Figure 2-5 in the interval DT/2:

iC (t ) = C

dvC (t )
V
dv (t )
V
= −iR (t ) = − dc ⇒ C = − dc
dt
R
dt
RC

It results in:

−2 ⋅ ΔvC = −

Vdc
V
T
T
⋅ D ⇒ ΔvC = dc ⋅ D (0.16)
RC
2
2 RC
2

For an output power of 1187.5W of the converter, at 200V results that the equivalent load
resistance has the value 33.6W. From equation (0.16), in the worst case (Dmax = 0.5), the
capacitor value yields:
C=

Vdc ⋅ D
(0.17)
4 ⋅ R ⋅ ΔvC ⋅ f s
	
   vC
Vdc
−Vdc / R

0

DT/2

200V

ΔvC

T/2

T

t

Figure 2-5. Output capacitor voltage ripple

2.4.3. Experimental tests
To demonstrate performance of the push-pull double inductor converter the breadboard based
on this topology are built and tested. The converter was designed for 1Kw high power. The
testing was performed using Ballard Nexa PEM fuel cell module with nominal power 1,2kW
and connecting the DIC converter to a resistive load. The relevant waveforms are maesured
and the efficiency of the converter is calculated. The efficiency of the converter has been
determined by the measurement of the input and output power, using equation as:

η=

Pout
100
Pin

(1)

The efficiency of the two Current-fed DIC Converters with Active Clamping Circuit is
around 92 % at nominal input power. The efficiency curve from full load to about 10% of
load is represented in Figure. . The experimental tests allow conclude that a relatively large
fraction of the total losses are dissipated in the switches. To avoid these losses and increase
the DIC converter efficiency it is necessary to use passive or active clamping circuit.

Figure 2-6. DIC converter efficiency curve

2.4.3.2.

Converter waveforms

Experimental waveforms of the DIC converter both are shown in Figure 2-7 and Figure 2-8
respectively. At full load conditions the turn-off voltage overshoots are close to the maximum
transistor blocking voltage (300V) signifying that further optimization of the snubber circuits
needs to be carried out. The captured waveforms show that turn-off regime has higher losses
at than at turn-on.

Figure 2-7. Experimental waveforms of the DIC converter with the optimized board layout – from the top: control voltage,
voltage across one power transistor

Figure 2-8. Experimental waveforms of the DIC converter with the optimized board layout – from the top: input current,
input voltage

The input current and voltage of the DIC converter prototype are shown in Figure 2-8. As
evident, the input current ripple is less than 5% of the average value of the current, which is
satisfactory for fuel cell operation.

2.4.4. Summary
In applications where fuel cell has to be connected to the grid, the power converter usually
consists of step-up DC/DC part and a DC/AC inverter part. Considering the necessity of high
voltage boosting function with low input current ripple, the most appropriate converters seem
to be the current fed full-bridge and push-pull configurations. In the chapter full-bridge and
two versions of the push-pull converter: the single inductor push-pull and the double inductor
push-pull converters are analyzed and compared from the efficiency point of view.

