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The present work considers the impact of hydrogen fuel on the environment within the cycles of its generation and
combustion. Hydrogen has been portrayed by the media as a fuel that is environmentally clean because its combustion
results in the formation of harmless water. However, hydrogen first must be generated. The effect of hydrogen
generation on the environment depends on the production process and the related byproducts. Hydrogen available on
the market at present is mainly generated by using steam reforming of natural gas, which is a fossil fuel. Its by-
product is CO,, which is a greenhouse gas and its emission results in global warming and climate change. Therefore,
hydrogen generated from fossil fuels is contributing to global warming to the similar extent as direct combustion of
the fossil fuels. On the other hand hydrogen obtained from renewable energy, such solar energy, is environmentally
clean during the cycles of its generation and combustion. Consequently, the introduction of hydrogen economy must
be accompanied by the development of hydrogen that is environmentally friendly. The present work considers several
aspects related to the generation and utilisation of hydrogen obtained by steam reforming and solar energy conversion
(solar-hydrogen).
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B Hacrosmieii pabote paccMaTpuBaeTCsl BIMSIHUE BOJOPOJHOTO TOIUIMBA Ha OKPY’KAIOLIYIO Cpely B IHKIAX €ro
oOpa3oBanus u cropanus. CpeacrBa MaccoBOM HH(OpPMalMU H300paxkaloT BOAOPOA KaK SKOJIOTMYECKH UYUCTOE
TOIUIMBO, TIOTOMY YTO €r0 CropaHue NPHBOAUT K oOpa3oBaHuio Oe3BpenHOi Boabl. OnHAKO CHadaia JOJKEH OBITh
HOJIy4eH BOJOpOJ. BimsHHe TeHepalMu BOJOpOJa Ha OKPYXKAIOIIYI0 CPedy 3aBHCUT OT IPOHU3BOICTBEHHOTO
nporecca W CBS3aHHBIX C HUM IMOOOYHBIX IPOAYKTOB. Bomopoxa, HOCTYIHBIN Ha phIHKE B HACTOALICE BpeMs, B
OCHOBHOM T'€HEpPHPYETCsl C IOMOIIBI0 MAapoBOHl KOHBEPCHH HPHPOAHOTO Ta3a, KOTOPBHIH SBIAETCS HCKOIAeMBIM
TOTTHBOM. [1060YHBIM MPOLYKTOM MPUPOAHOTO Ta3a sBiseTcss CO, (MapHUKOBBIH ra3), BEIOPOCHI KOTOPOTO TIPUBOISAT
K T7I00IbHOMY MOTEIUICHHIO M M3MEHEHHI0 KimMaTa. ClieloBaTellbHO, BOJOPOJ, 00pasyIomuiics U3 UCKOIIAeMOTo
TOILINBA, CIIOCOOCTBYET IIOOAIbHOMY MOTEIUIEHHIO B TOW K€ CTEMEHH, YTO W IpPSIMOE CXKHUIaHUE HCKOIAeMOTO
torumBa. C Ipyrod CTOPOHBI, BOAOPO/I, TOJyYSHHBIH W3 BO30OHOBISIEMON SHEPTUH, TAKOW KaK COJIHEYHas dHEeprus,
ABJIACTCA OKOJIOTMYECKHU YWUCTBIM BO BpPEMA HUKIIOB IPOU3BOJACTBA U CIKHUI'aHUA. CHGZ[OBaTeJ'H)HO, BHCIAPCHUC
BOJIOPOJHOH SKOHOMUKH JOJDKHO CONPOBOXKIATHCA Pa3pabOTKOM BOLOPOJA, KOTOPBIM SBISETCA 3KOJIOTHYECKU
4UCTHIM. B naHHO#M paboTe paccMaTpHBaOTCS HECKOJIIBKO aCHEKTOB, CBSI3aHHBIX C BHIPAOOTKOW M HMCIOJIBb30BaHUEM
BOJIOPOJIa, MOJYYEHHOI'O MapoOBbIM PUGOPMHUHIOM M NYTEM MNpeoOpa3oBaHMs COJTHEYHON SHEPTUU (COTHCUHBIH

BOJIOPO).

KnioueBble croBa: BOOOPOAHAs 3HEPrUsi; M3MEHEHWEe Knumara; COMHEeYHbI BOAOPOA; NPOM3BOACTBO BOAOPOAA; 3arpsA3HeHue
BO30yXa.
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1. Introduction

The world is heading towards hydrogen economy
with the general perception that hydrogen as a fuel is
environmentally clean because its combustion results in
the generation of harmless water. Consequently, the
enthusiasts of hydrogen economy picture the
environment that is free of air pollution, which can be
achieved as early as gasoline as fuel is replaced by
hydrogen. This picture seems to be correct for urban
areas where air pollution is generated mainly by toxic
exhaust gases of cars. It is essential to note, however,
that hydrogen generation from fossil fuels, such as
natural gas and coal, leads to the emission of greenhouse
gases and, therefore, is not environmentally friendly.
Consequently, in the development of hydrogen
technologies we must realise that hydrogen generation is
environmentally friendly only when obtained by using
renewable energy.

The present work does not pretend to be an overview
on hydrogen generation or its utilization. The aim is to
consider the effect of hydrogen on the environment in
the cycles of its generation and combustion. It is shown
that not any hydrogen generation technology is

the Earth”.

environmentally friendly. The specific aim of the present
work is to convey the following key messages:

» Hydrogen generated from fossil fuels, such as steam
reforming of natural gas, is not environmentally clean.
While the costs of hydrogen production by steam
reforming are relatively low, the costs related to its
impact on the community are very high.

* Hydrogen is environmentally friendly only when is
generated by using renewable energy. Despite that
production costs of such hydrogen, at least in the initial
stage, are high, only this type of hydrogen is
environmentally friendly.

» Hydrogen generated from water by using solar
energy (solar-hydrogen) is environmentally friendly and,
therefore, is expected to be the fuel of the future.

2. Hydrogen economy

What is so special about hydrogen that media are
pinning their hopes on it to solve many of the world’s
fuel and environmental problems?

First, there is a general expectation that hydrogen can
reduce our increasing dependence on oil and natural gas,
which so far have been imported from politically
uncertain areas. However, entering into the hydrogen
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economy we must realise of all the positive and negative
aspects related to the global replacement of fossil fuels
by hydrogen [1, 2].

Another reason for the great hopes related to
hydrogen economy is the relatively low cost of hydrogen
available on the market at present, which is already
lower than the price of oil.

Finally, there is a common perception that hydrogen
as a fuel is environmentally friendly because its
combustion results in the formation of harmless water.
This perception is correct only to a certain extent. On
one hand the use of hydrogen powered cars will certainly
reduce the emission of greenhouse gases in urban areas.
On the other hand, however, the process of hydrogen
generation from fossil fuels also results in emission of
greenhouse gases.

One may estimate that the potential market for
hydrogen as a fuel will be comparable to the present
markets for natural gas, coal and gasoline combined.
Therefore, the availability of hydrogen will have a major
impact on the global energy scenario and the
environment.

The development of hydrogen-related technologies
and implementation of hydrogen economy is coordinated
internationally by the International Partnership for
Hydrogen Economy (IAHE) (see http://www.iphe.net).
Its aim includes:

+ Intensification of bilateral
collaboration on hydrogen technologies

» Recommendation of research priorities

+ Development of standards and regulations

» Address emerging technical, financial,
socioeconomic and policy issues

If hydrogen is a remedy for the global energy
security, why has its potential not been exploited before?

The main reason for the lack of interest in the
development of hydrogen so far was the fact that
gasoline has been relatively cheap and widely available.
In some countries petrol was cheaper than water.
Therefore, for a long time the increasing consumption of
gasoline resulted in an increase of its production without,
as it seemed, any limitations. The recent sharp increase
of the price of oil sends a strong signal that the resources
of fossil fuels (oil, gas and coal) are limited. Another
increasingly apparent impediment for using fossil fuels
is their effect on climate change, which is already
apparent. Awareness is growing that we must stop
pumping CO, and other greenhouse gases into the
atmosphere in order to protect future generations from an
environmental disaster.

and multilateral

legal,

3. Education

Hydrogen has already been used by NASA as a fuel
for spacecraft but soon it will be the fuel for aircraft,
buses, trains and, most visibly, cars (2). Already, there
are prototype hydrogen powered cars and buses on the
road. The major car manufacturers, including BMW,
Honda, Toyota and Daimler Benz, have undertaken

efforts to produce experimental models that are powered
by hydrogen, using either combustion engines or fuel
cells. It is only a matter of time before gasoline stations
begin to adapt their infrastructure to hydrogen
distribution. Therefore, it is realistic to expect that in the
near future the network of gasoline stations will be
replaced by a hydrogen distribution system [1e3]. This
will  require to develop all hydrogen-related
technologies.  The  universities  offering  career
opportunities in these hydrogen technologies may expect
a booming interest in analogy to the presently growing
world-wide interest in the information technology.

What will be the impact of hydrogen on our everyday
life and how can we prepare for the hydrogen age?

These questions need to be addressed in newly
established programs of educational institutions that are
expected to have a leading role in facing the challenges
of the hydrogen economy. Therefore, there is an urgent
need to establish teaching programs in several hydrogen-
related areas, including:

» Hydrogen generation. Almost the total hydrogen
production at present is based on the steam reforming
technology [1], with noticeable exception of selected
countries, such as Iceland [3]. It is essential, however,
that the teaching programs include the use of renewable
energy for hydrogen generation.

» Hydrogen as the storage medium of photovoltaic
electricity. Awareness is growing that conversion of
photovoltaic electricity into hydrogen is the promising
option of energy storage.

» Hydrogen storage. This technology aims at the
development of materials and devices for the most
effective and safe storage of hydrogen fuel.

» Hydrogen transportation and distribution. This aims
at the development of efficient means for hydrogen
transportation from the production to distribution sites,
such as the stations distributing hydrogen to vehicles.

» Hydrogen utilisation. The major type of hydrogen
utilisation will be in transportation. There have been
efforts to develop cars based on both combustion engines
and fuel cells. The latter are more energy efficient.

+ Hydrogen safety. The safety requirements will leads
to the development of hydrogen sensing devices able to
detect hydrogen on the workplace and triggering
alarming systems, when its concentration is above the
safe level.

» Impact of hydrogen in the environment. It is
essential that implementation of hydrogen economy is
consistent with global efforts to reduce global warming.

The universities introducing the teaching programs
on the wide range of hydrogen technologies are expected
to prepare the cohort of experts able to face the challenge
in the implementation of hydrogen economy. There is an
increasingly urgent need to implement such programs
before it is too late. Government assistance is expected
to help universities in overcoming the hurdles in the
implementation of these educational program.

The first and the most far-reaching effect of
hydrogen technologies on civilization will be in
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transportation [1]. This will be accompanied by the
emergence of new ancillary industries that involve
hydrogen production, storage and utilization. While all
these hydrogen technologies are important, the effect of
hydrogen on the environment must first be considered in
terms of its generation.

The steam reforming technology can be viewed as
already entrenched. Therefore, there is an urgent need to
increase the proportion of hydrogen produced from
renewable sources. One should expect that this level of
demand will fuel the research and development into
alternative methods of hydrogen production. Likewise,
increasing  recognition of the  environmental
consequences of greenhouse gas emissions can be
expected to drive the development of the production of
hydrogen by using renewable energy sources.

4. Hydrogen generation versus utilisation

On Earth, hydrogen hardly exists as naturally-
occurring source. However, hydrogen is abundant in
many compounds. The most abundant raw material
containing hydrogen is water. Hydrogen is also present
in natural gas, petroleum, and biomass. Therefore,
hydrogen must first be generated from these compounds.

There are several methods of hydrogen generation.
The most commonly applied method is based on steam
reforming of natural gas [4]. However, a by-product of
this method is carbon dioxide, CO,. Its emission
increases in an alarming pace [5-7].

Climate change resulting from global warming is
forcing us to search for new sources of energy that must
be based on renewable energy and must not produce
greenhouse or pollutant gases. Therefore, an important
qualifier is the fact that hydrogen generated using
renewable energy is environmentally friendly [8].
Accordingly, hydrogen generated using renewable
energy is expected to join solar electricity to form the
foundation of a sustainable modern energy system. If
this is not done, then the introduction of the hydrogen
economy will not lead to the protection of the
environment.

Hydrogen utilisation is entirely environmentally
clean, because its combustion results in the formation of
harmless water, however, its generation from fossil fuels,
such as steam reforming of natural gas, is not.

4.1. Reforming of natural gas

If hydrogen is generated from natural gas, coal,
petroleum, or biomass, it will produce CO, as by-product
(Table 1). When the CO, escapes into the atmosphere it
leads to global warming and climate change [7].

At present the atmosphere has been a dump for
greenhouse gases. The CO, emissions over the period
1700-2000, which is shown in Fig. 1 [5-7], is increasing
in an alarming pace.
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Fig. 1 — The increase of carbon dioxide concentration
in the atmosphere
Puc. 1 — YBenuyeHve KoHLeHTpauum yrneKkncnoro rasa
B aTMocdepe

It is important to realise that hydrogen generation
from fossil fuels results in the emission of CO, to the
same extent as direct combustion of these fuels. In this
case the place of emission of greenhouse gases is moved
out from urban areas to industrial areas where hydrogen
generation plants are located. Consequently, while the
urban areas will be less polluted when gasoline cars are
replaced by hydrogen cars, the generated greenhouse
gases will be pumped to the same atmosphere
surrounding the planet Earth. Therefore, the vision of
urban areas to be free of air pollution when hydrogen
powered cars are introduced is correct only to a certain
extent.

Hydrogen may also be produced from water by the
conventional electrolysis using the coal-generated
electricity grid. This process, however, also contributes
to the emission of greenhouse gases during the stage of
the production of electricity.

In order to reduce pollution by cars, there have been
efforts to replace the gasoline combustion engine by fuel
cells and by using alternative fuels, such as methanol and
ethanol [1]. The reduction of carbon emissions may also
be achieved through the development of hybrid cars,
combining electrical and combustion engines, and fuel
cell powered cars. While in the latter case the carbon
emission is reduced substantially, the total elimination of
carbon emission may be achieved only by using
renewable energy, such as solar energy. Therefore, there
is an increasing international pressure to invest in the
development of technologies that allow the production of
environmentally clean energy, such as solar-hydrogen
and solar electricity [8]. This technology is especially
promising for countries where the insolation is high,
such as Australia, Africa, Asia and both South and North
America. There is a widespread perception that carbon
emission may be reduced by its sequestration
underground or at the ocean floor [7]. While the concept
of sequestration is considered by some high polluting
industries as a solution, this technology requires energy,
which contributes to carbon emission as well [9].
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4.2. Solar-hydrogen

Awareness is growing that hydrogen generated by
water splitting using solar energy (solar-hydrogen) or
other renewable energy is expected to be the fuel of the
future because it is obtained from a renewable material
(water) using renewable energy (solar energy). The
solar-hydrogen may be generated mainly in the
following two ways:

* Photo-electrochemical decomposition of water in
solar-hydrogen cell. Fujishima and Honda first reported
successful  photo-electrochemical ~ water  splitting.
However, this technology is still not commercialized.

« Electrolysis of water using photovoltaic electricity [4].
This process has been already applied in the generation of
hydrogen in environmentally friendly fashion.

Solar-hydrogen produced by photo-electrochemical
cells may be formed within a single step. Its concept is
shown in Fig. 2.

2H,0 - 4¢"—> O, + 4H" ——» cathode

SSy N N

SESNNNN

Fig. 2 — The concept of photo-catalytic water splitting
Puc. 2 — KoHuenums goTokaTanMTU4ecKkoro pasnoxeHus Boabl

On the other hand water electrolysis involves two
steps and, therefore, it requires two devices, including a
photovoltaic solar panel and an electrolyser as it is

schematically represented in Fig. 3 [10]. The application
of other methods, such as thermal decomposition of
water, is limited.

hv

DOMESTIC
PHOTQVOLTAIC
PANEL

:

SPLIT SYSTEM

'

ELECTROLYSER

'

HYDROGEN TANK

DOMESTIC
ENERGY
CONSUMPTION

A

FUEL CELL

Fig. 3 — Schematic representation of the domestic solar energy
system including the generation of photoelectricity
and hydrogen. (Reproduced from T. Bak, Oxide
Semiconductors. Copyright 2010 T. Bak)
Puc. 3 — Cxema oTe4ECTBEHHOW CONMHEYHOM SHEPreTUYECKO
cuCTeMbl, BKNtoYasi reHepaunto hoToaneKkTpuyecTsa
n Bogopopaa (T. bakom «OKcuaHble NONyNPOBOAHUKMY.
Copyright 2010)

Table 1

By-products of hydrogen generation by steam reforming of natural gas and water splitting

Ta6numa 1

ITo6GouHbIe TPOAYKTH 00pa30BaHUS BOAOPOJAa NyTeM MapoBOoro pudpOpMHHTAa NIPUPOJAHOTO Trasa
U pa3iI0XeHHUS BOJHI

Reforming of natural gas

Solar-hydrogen

Process By-product Process By-product
Generation: Generation:

CH, + 2H,0 = 4H, + CO, CO, H,O= H,+1/20, 0,
Combustion: Combustion:

H,O0+1/20, & H,0 H,O H,O +1/2 O, & H,0 H,O

It seems that the most promising means of producing
hydrogen using a renewable energy source and precluding
the generation of greenhouse gases production is through
water photolysis [11]. This involves water splitting into its
component gases (oxygen and hydrogen) using photo-
electrochemical cells. As seen in Table 1, the by-products
of solar hydrogen generation and combustion is oxygen and
water, respectively.

Fujishima and Honda [12] first reported the
experiment of water electrolysis using solar energy as
the sole driving force for water decomposition. Their

concept is based on the ability of photo-sensitive
materials, such as titanium dioxide (TiO,), to split water
under light (Fig. 2). The availability of new materials
allow to develop solar-hydrogen photo-electrochemical
cells with the increasing efficiency of the conversion of
solar energy into the chemical energy required to
generate  hydrogen. The concept of photo-
electrochemical generation of solar hydrogen has been
outlined extensively elsewhere [11].

Solar-hydrogen resolves the issue of the availability
of a fuel that is 100% environmentally clean. Countries
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that will have access to such hydrogen generation
technologies will be able to export solar energy in the
form of hydrogen. Consequently, the development of
hydrogen technologies will reduce the dominance of
resource rich nations in international energy markets.

The race to harvest the energy of the Sun, and to use it
for hydrogen production, is escalating and it even has
expanded beyond the global realm. A substantial research
project has been initiated by the National Space
Development Agency (NASDA) of Japan and the Institute
for Laser Technology (ILT) [13]. Its aim is the
development of a hydrogen generation system using a
space-based solar unit, which will harvest exterrestrial
solar energy, and the transfer this energy to a titania-based
electrochemical device located on Earth. This technology
involves (i) the space-based solar collector of solar energy
orbiting in space, (ii) laser generator transforming the
solar energy into a laser beam and sending it to a
groundbased photo-catalytic device, and (iii) the photo-
catalytic device consisting of a TiO, powder suspended in
water to produce oxygen and hydrogen.

The progress in research on photo-electrochemical
hydrogen generation using solar energy will be
determined by the development of novel photo-sensitive
materials that are required for high-performance photo-
electrochemical cells [11]. The research aims to develop
a new generation of solar materials that are able to
harvest solar energy within a wide spectrum, including
the UV range and the visible light range.

The future production scale of hydrogen using
different technologies will be determined by their costs.
Solar hydrogen can be expected to be the winner owing
to the following reasons:

» Large parts of continents have an abundance of
solar energy.

» The novel materials used to capture solar energy,
such as photo-sensitive oxide semiconductors [11], are
relatively inexpensive.

 Solar-hydrogen generating units could be adapted
easily to the needs of individual households, which
provides a driving force for mass production.

5. Cost-related aspects

The production costs of fuels have been mainly
considered in terms the direct production costs. It
appears, however, the use of fossil fuels includes also
indirect costs related to the consequences of air
pollution, global warming and climate changes. These
costs, which are substantial, so far have been bared by
the community. Therefore, the global warming may be
effectively addressed when the costs related to carbon
emission are included in the costs of fossil fuels. This
issue may be addressed through a tax policy, which must
be revised so that the costs related to the emissions of
greenhouse gases are borne by the industries emitting
these gases rather than by the community. Imposition of
such tax is urgently needed in order to make renewable
energy cost competitive.

The negative aspect of such tax is that the cost of energy
generated from fossil fuels will increase and that cost will
be passed on to the community. The clear advantage of the
carbon tax is that this will subsidize the development of the
technologies based on renewable energy.

Fig. 4 shows the production costs of fuel, including
gasoline and hydrogen, and its prediction for the next 20
years. As seen, presumably driven by the relative costs
of hydrogen and gasoline one should anticipate that
hydrogen production will increase substantially by the
next 10-20 years.
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Fig. 4 — The costs of gasoline and hydrogen (upper part)
and the hydrogen production (lower part) predicted for the
period until 2030 according to Thomas et al. [1] (the amount
of hydrogen is in units equivalent to the same amount of oil)
Puc. 4 — CtoumocTb 6eH3nHa 1 Bogopoaa (BEpXHsisi YacTb)
1 NPOM3BOACTBO BOAOPOAA (HWXKHSISt YacTb) MPOrHO3NpPYOTCA
Ha nepwvog o 2030 r. cornacHo Thomas et al. [1] (cymma
BOAOPOAA B eAVHMLAX, SKBUBANEHTHbIX
TOMY e KOnu4ecTBy HeddTh)

The widely reported costs of hydrogen generation
from natural gas are questioned by Bockris [14], who is
one of the pioneers of solar-hydrogen. He claims that
these costs, which are purely limited to the production,
ignore the hidden costs related with its utilisation.
Specifically, Bockris claims that these costs do not take
into account the enormous costs related to consequences
of air pollution and global warming, including:

» Melting ice (Antarctic and Greenland), leading to
rising sea level. In consequence, we must be to prepared
to absorb 150-300 M refuges from the Pacific rim
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countries as soon as their countries are flooded due to
increased sea level. The related costs are real and must
be addressed within the next 20-50 years.

 More intense storms and floods result in damages
of the infrastructure and the losses in the production of
food. Also more intense droughts results in the losses in
the production of food. The related costs are substantial.

» The costs of the destruction of biodiversity are
difficult to estimate.

* The costs related to the effect of air, water and soil
pollution on human health are enormous.

The awareness of the impact of the use of carbon-
emitting fuel on the community has been made by the
unprecedented move of the government of California
considering a legal action against the main
manufacturers of gasoline-powered cars, which are
responsible for air pollution. While this action is
unprecedented, there is a need to rectify the picture
through a legislative approach by imposing a carbon-
related tax on industries emitting greenhouse gases or
those delivering goods that lead to air pollution. This tax
will encourage the carbon-emitting industries to have a
carbon credit through the investment in the development
of renewable energy. This, in consequence, will lead to
enhanced development of environmentally friendly fuels.

The increasing amount of research reports on the
development of solar-hydrogen indicates intensification
of the race in its development. The efficiency of the
solar-to-chemical conversion for the most recently
reported solutions reached the impressive level of 18%
[15]. So far, however, these solutions do not meet the
commercial maintenance requirements as the materials
used for the construction of solar cells exhibit high
corrosion in water.

The pace of the commercialization of solar-hydrogen
will be determined by the costs of its production. The
latter is determined by the efficiency of the conversion
of solar energy into chemical energy, which is the key
parameter in assessing the progress in the solar-hydrogen
technology. In other words, the production costs may be
reduced when the conversion efficiency is increased.

At present it is very difficult, if possible at all, to
predict the price of hydrogen produced from water using
solar energy. The report of Morgan and Sissine [4]
indicates that the solar energy conversion efficiency
around 10% may be economical. According to the US
Department of Energy, the energy conversion efficiency,
ECE = 12% for solar-hydrogen may be achieved by
2015 [4]. The critical issue in the development of
hydrogen solar cell of high efficiencies is the processing
of the photo-electrode. Consequently, there is a race in
the development of the electrode materials, which are
resistant to corrosion and photocorrosion and at the same
time exhibit a high conversion efficiency.

It has been claimed, based on preliminary estimates,
that the cost of hydrogen manufactured using the
Japanese technology [13] will be a modest 20 Japanese
yen for an amount of hydrogen equivalent to 1 L of
gasoline. This value, corresponding to US$5.8 per GJ, is

close to the present market price of hydrogen obtained
from methane [16].

Bockris has estimated the costs of solar-hydrogen
based on the present costs of photovoltaic electricity
used for the generation of solar-hydrogen. These costs,
including the production of the equipment and its
maintenance, is US$28 per GJ. This figure, compared to
the cost of hydrogen from natural gas (US$6) appears to
be discouraging. According to Bockris, however, the
cost associated with the combustion of fossil fuels and
resulting in air pollution is equivalent to US$33/GJ.
Therefore, the actual cost of the combustion of these
fossil fuels is US$39/GJ. Consequently, taking into
account that costs of pollution are very high, solar-
hydrogen is an ultimate winner. Further, when the high
cost of the siliconsolar cell is replaced by the low cost
photo-electrodes made of oxide semiconductors, the cost
estimate of US$28/GJ will fall substantially (the costs of
the solar-hydrogen production by the photovoltaic route
is $44.5/GJ [10].

The most promising candidate for photo-electrode for
the production of solar-hydrogen is titanium dioxide,
TiO,, due to the following reasons [11]:

* TiO, exhibits an outstanding resistance to corrosion
and photocorrosion in agueous environments.

» While photosensitivity of a standard (commercial)
TiO, is limited to ECE = wl%, its photosensitivity may
be easily enhanced through appropriate engineering of
its semiconducting properties [17].

Realistic price figures may become available when
solar-hydrogen technologies reach the stage of commercial
maturity. However, it is inevitable that some estimates of
such costs must be made at this very pre-commercial stage
of the development of these technologies. While some
estimates of these costs are available, these figures must be
considered to be premature.

6. Summary

Introduction of hydrogen economy will have many
positive aspects on the global energy scenario and the
environment. The immediate results of the replacement
of gasoline by hydrogen will be stabilisation of the
market for the fuel that can be produced everywhere
taking into account that hydrogen may also be generated
by electrolysis of water.

One may expect that introduction of hydrogen
economy will have an impact on heavy industries, which
at present are based on coal and that at present lead to a
substantial air pollution, such as metallurgical industry.
Specifically, the use of hydrogen may lead to substantial
changes in the processing of the reduction of ores.

However, the introduction of hydrogen as fuel will have
a beneficial effect on the environment only, if hydrogen is
generated using renewable energy. The hydrogen fuel
available on the market at present is mainly generated using
steam reforming of natural gas. Its generation leads to the
emission of greenhouse gases at the same level as in the
combustion of fossil fuels. On the other hand, hydrogen
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obtained from renewable energy, such as solar-hydrogen, is  hydrogen generation and utilization on carbon emission,
environmentally friendly, because its generation and compared with the emission level by using fossil fuels, is
combustion do not lead to carbon emission. The effect of  shown schematically in Fig. 5.

HYDROGEN TECHNOLOGIES
HYDROGEN FROM
FOSSIL FUELS HYDROGEN FROM NATURAL GAS UL a8
COMBUSTION | FUEL CELLS (SOLAR HYDROGEN}
. ; ' Fig. 5 — The effect
; E GENERATION of hydrogen generation
' i h . d busti b
% E ; \' COMBUSTION Puc. 5 — BnnsHue reHepauumn
9] ' GENERATION H, + %0, — H,0 1 CXUraHusi Bogopoga Ha
= ! CH, +2H,0,— 4H, + CO, BbIOpOC yrnepoaa
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o : 2H, + 0, - 2H,0
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) 1 « URBAN AREAS FREE OF TOXIC GASES
FULL SCALE EMISSION | !
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