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Abstract

Relatively high energy costs and the perspective of running out fossil fuel natural resources stimulates scientists
and engineers all over the world to concentrate their efforts on inventing new sources of energy. For decades,
hydrogen technology is considered as source of renewable energy. Hydrogen can be used both as the energy carrier
as far as substrate in the chemical industry. Plans for hydrogen utilization as the fuel applied to automotive engines
also is under investigation. Lot of works describing various technologies for hydrogen processing have come into
being, the ways of production and storing this substance have also been worked out. The important part in analysis is
costs of applying fuels with respect to their impact on natural environment. As found, these costs are usually difficult
to be estimated. In this paper, the main directions in development of hydrogen technologies were analysed concerning
total costs for hydrogen processing. As concluded, overall costs of the technology for both hydrogen generation and
electric power production are significantly higher with respect to costs for energy generation by coal-fired power
plants. The hydrogen production costs characterized themselves with the highest share in overall costs at hydrogen
economy, and they depend on technology development. It is expected that overall costs of production, transportation
and storage of hydrogen should be remarkably reduced in short-medium term future because of development in:
photovoltaic technology — that will contribute to reduce hydrogen production costs by electrolysis process.
Additionally, it is expected to reduce costs for hydrogen storage.
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1. Introduction

Systematically rising fuel prices and energy deficiency forces developed countries to search for
alternative sources of energy for both vehicles and other movable engines as for industrial devices.
The development of hydrogen infrastructure, which happened in the recent 20 years shows that
change energy carriers into hydrogen, is the political problem rather than the technical one. For the
purpose, the US government plans covering 10% energy demands using hydrogen by 2030 year.
Hence, the everlasting question is as follows: Can hydrogen be beneficial in energy generation
business? As Bossel [1] answered brilliantly “No” in his final conclusion, no doubts should appear
since that time. However, technology of both fuel cells and thermal machinery (internal
combustion reciprocating engines, gas turbine engines) is still under systematical improvement.
Thus, development in hydrogen to energy conversion is also expected with Hi-Tec in material
science as well as combustion engineering. Therefore, review on hydrogen usefulness as fuel is
under consideration in minds of politicians, scientists, engineers and businesspersons.

2. Hydrogen production costs

Hydrogen is commonly present in nature but mainly as chemical compounds. As the most
economically important method of hydrogen are processes, which involve removal of hydrogen
from hydrocarbons.

Several technologies for hydrogen production are as follows:

— electrolysis,
— processing of the natural gas (SMR — Steam Methane Reforming),
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— processing of coal (gasification),
— processing of the biogas,
— Dbiological processes (green algae).
In Tab.1 is shown the percentage share of hydrogen production for commonly used
technologies.

Tab. 1. Various sources of hydrogen production [2]

Amount (x10° m’) source %
240 natural gas 48
150 crude oil 30
90 coal 18
20 electrolysis 4
500 Total 100

The question about the cost of hydrogen does not have a simple answer because it depends on
many factors like type of technologies applied, cost of transport and storage and even taxes [3]. It
is difficult to express specific costs of hydrogen production with credible accuracy. Several
sources give various data. On the basis of references [4-8], the diagram in Fig. 1 presents cost of
hydrogen production from various technologies.
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Fig. 1. Costs of hydrogen production from various technologies

According to Fig. 1 the most promising technologies for hydrogen production is steam
methane reforming (SMR) and coal gasification. From these technologies, specific cost of
hydrogen production (per kilogram) is below 2 €. As mentioned above, hydrogen infrastructure
have also other, additional costs such as storage, delivery, taxes and refuelling stations (for
vehicles). Cost of delivery depends on the distance, how far hydrogen will be transported to a
destination point. Hydrogen can be delivered to destination point in two phases: gaseous and
liquid. Generally, three ways for hydrogen transportation are available as depicted in Tab. 2. As
Bossel confirmed [1], the significant cost for pipeline transportation is pumping energy. This
energy for hydrogen is much higher than for natural gas; hence, it crucially increases
transportation costs through pipelines and stands as the major cons against this transportation
method. However, pipelines for gaseous hydrogen feature themselves with the lowest overall
transportation costs among the others.

Tab. 2. Hydrogen transportation methods and costs [9]

Hydrogen state

Transportation method

Transportation cost (EUR/kg)

gaseous pipe line 1.65
gaseous tube trailer 2.16
liquid tube trailer 2.09
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Another issue as it was mentioned are taxes for hydrogen fuel. In the United States hydrogen
which is sold and used as vehicle fuel in liquified state is taxed with 0.5$ (0.38 €) per gallon [10].

3. Hydrogen to power conversion

There are several technologies to convert hydrogen to either electric power or mechanical
work. Scientists think that hydrogen can be considered as a substance that might replace fossil
fuels in long-term future. Nowadays the most favourable methods for hydrogen usage are:

— fuel for a vehicle (internal combustion engine),
— fuel for a fuel cell,

— fuel for an engine in a power generator,

— fuel for a gas turbine.

Hydrogen as fuel for means of transport

Many research facilities and automotive enterprises are involved in work on hydrogen-fuelled
vehicle, e.g. Daimler-Benz, BMW, Ford, Toyota, Honda etc. Advantages and disadvantages of
applying hydrogen as the fuel to the internal combustion engine were described in detail by Karim
[11]. As commonly known, major drawback of hydrogen when applied to the IC engine is knock
[12, 23]. The knock particularly can be intensified, so be harmful, in case the engine is
supercharged [13, 14]. Hydrogen can be used in a vehicle in two ways as fuel for an internal
combustion engine and as energy carrier for a fuel cell, which generates power needed for driven
the vehicle. However, in both cases hydrogen have to be stored on board the vehicle.

One of the interesting proposals for reducing cost of exploitation by using hydrogen as fuel to
drive a vehicle was given by Polish engineers from Lublin University of Technology [15]. They
modified CNG fuel installation to work on hydrogen. As they say, the cost of such installation is
about 1520 EUR. However, there is plenty of investigation conducted on the hydrogen-fuelled
engine worldwide. Among others, investigation is conducted in the field concerning safety issues,
as for the purpose the case hydrogen releases from pipelines [16].

It is easy to calculate that a mid-size passenger vehicle consumes approximately 8 dm’ gasoline
per distance of 100 kilometres. Considering the average cost of gasoline in UE is 1.4 EUR, it gives
11.2 EUR to drive 100 kilometres on gasoline. In case, the internal combustion engine is fuelled
with hydrogen, and keeping the equivalent energy needed to drive 100 kilometres (assuming the
same engine efficiency) the overall amount of hydrogen is 27.9 NM which gives approximately
2.24 kg of Hc. Taking different production costs of hydrogen from various technologies, the cost
of driving 100 km on hydrogen also significantly varies as shown in Fig. 2.
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Fig. 2. Comparison between costs of driving 100 km with gasoline or hydrogen
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Hydrogen fuel cell

Another technique for energy conversion from hydrogen in transport and industry is fuel cell
technology, which converts the chemical energy from a fuel into electricity through a chemical
reaction. The most common fuel for fuel cells is hydrogen, as oxidizing agent the oxygen is used.
The main difference between H2+0O2 combustion reaction and H2+02 reaction in the fuel cell is
temperature and reaction rate, which both are significantly lower in the fuel cell.

According to [17] prices of these power generation devices with complete fuel cell systems in
the 1 kW to 3 kW range are between 3800-22300 EUR. However, the prices for fuel cells have
tendency for going down even though prices for precious metals (platinum is a charge to the fuel
cell) are systematically going up. To show comparison, estimated costs of production of 1 kWh
electric energy using the fuel cell with hydrogen flow rate of 14 dm3/min and power of 1 kW and
average cost of electric energy in EU 0.2€ per 1 kWh are presented in Fig. 3 [18]. The price of the
hydrogen fuelled fuel cell system is approximately 5200 EUR.
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Fig. 3. Comparison of production costs of 1kWh electric energy from the 1kW fuel cell

Hydrogen as fuel for a power generation set

Hydrogen can be also used as fuel to the engine driving the power generators. Currently, power
generators are available in a wide range of power output. there are various fuels to supply the
power generators. Among others, gasoline, diesel fuel, natural gas and biogas are the most popular
as power generators fuels. However, hydrogen can be also applied. As an example, the company
Ballard Power Systems in cooperation with Ford Power Products has introduced on the market the
first power generator driven by a standard internal combustion engine with swept volume of 6.8
dm’. The so called Ecostar model generates power of 114 kVA with voltage in the range between
120 and 480 V with frequency of 50/60Hz. Power sources with similar-like power output are
delivered to the market by plenty of Asian companies [19].

Comparison between the hydrogen generation set and the classic IC engine driven power
generator is presented in Fig. 4. As an example for making comparison the power generator Honda
EMS5500CXS will be selected. which parameters are: power about 5 kW, the capacity of the fuel
tank is 23.5 1, time of work is 7 h 42 min.

Hydrogen as fuel for a gas turbine

Projects using the hydrogen technology in the industrial scale were also introduced last years.
In the town of Fusina (Italy) in 2010, a power station with a turbine working on hydrogen was
built [20]. The construction is able to recover a waste heat from products of combustion in a steam
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boiler. The turbine consumes hydrogen at amounts of of 1.3 tonne per hour and annually produces
6x10" kWh electric energy. As an example, comparison of the costs of production 1 kWh of
electrical energy for a gas turbine fuelled separately with natural gas or hydrogen is shown in
Fig. 5. Average price of the CNG in Poland is around 0.64 EUR/m’ [21].
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Fig. 4. Cost of production of 1kWh electrical energy from the power generator
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Fig. 5. Cost of 1 kWh produced by a gas turbine

4. Conclusions

On the basis of this case study, the conclusions can be formed as follows:

— technologies for hydrogen production using both the SMR and coal gasification are managed
as the most profitable with regard to use hydrogen as fuel for means of transport, particularly
passenger vehicles, power generators, fuel cells and gas turbines as well,

— applying hydrogen as a fuel for the internal combustion engine can be economically as
attractive as gasoline,

— hydrogen as a fuel to the fuel cells for to power generation is not competitive enough when
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compared to power production in conventional way (e.g. coal fired power plants),

— even though hydrogen has heating value by mass higher than that one for natural gas, but
applying hydrogen as the fuel to the gas turbine engine is economically unjustified, due to
hydrogen high price,

— the technology for hydrogen production characterized itself with the highest share in overall
costs at hydrogen economy and it depends on technology development.

Following [22] it is expected that overall costs of production, transportation and storage of
hydrogen should be remarkably reduced in short-medium term future because of development in:
photovoltaic technology — that will contribute to reduce hydrogen production costs by electrolysis
process. Additionally, it is expected to reduce costs for hydrogen storage.
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