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Abstract — The use of hydrogen as an alternative energy source is very promising mainly
because it is considered a fully environmentally-friendly alternative fuel. Although no CO, is
produced by its usage, hydrogen production does emit greenhouse gases and use substantial
amounts of energy. On the other hand, there are significant losses during production, distribution
and utilization of hydrogen, that result in the release of considerable amounts of hydrogen in the
environment. This study focuses on the environmental aspects of the entire hydrogen chain to
investigate the overall effects of a global hydrogen economy on the environment. Since hydrogen
should be preferably produced from a non-carbon source (no greenhouse gas emissions), the use
of renewable energy sources instead of conventional fuels is proposed. Copyright © 2013 Praise

Worthy Prize S.r.l. - All rights reserved.
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l. Introduction

The use of hydrogen as an alternative fuel could
significantly reduce harmful emissions arising from
carbon containing fossil fuels (carbon dioxide and
monoxide, NOx, etc). Hydrogen can be burned as a
conventional fuel in engines or boilers to provide heat
and power. In these cases, small amounts of pollutants
are emitted, such as NOx due to high-temperature
reactions involving the air’s nitrogen, however these
emissions are far lower than those of traditional fossil
fuels.

Hydrogen can also be used in a fuel cell to produce
electricity directly. Here, the only emission is harmless
water vapour. Obviously, the major benefit of hydrogen
use is that it does not produce pollutants and therefore all
emissions depend only on its combustion method.

Hydrogen should be considered an energy carrier,
much like electricity rather than a fuel, because it must
be produced from other widely-available compounds [1].

The two most abundant hydrogen-containing
compounds are water and hydrocarbons. Producing
hydrogen from either of these requires energy usually
derived from conventional energy sources that emit the
greenhouse gas carbon dioxide as a by-product [2].

As concern increases about possible climate change
and reductions in greenhouse gas emissions are
implemented in response to the Kyoto protocol, novel
methods are required for producing hydrogen without
emitting CO,. It is therefore important to consider the
complete chain of processes for hydrogen production and
usage, to detect whether greenhouse gas emissions would
rise or fall if hydrogen was substituted for other energy
carriers. By assuming a 10% loss of hydrogen throughout
the whole production, distribution and utilisation chain, it
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is estimated that hydrogen emissions would be about four
times higher than those produced by the use of fossil
energy resources in a hydrogen energy economy [3].

Il.  Emissions During Hydrogen
Production

As mentioned above, hydrogen as an energy carrier
must be produced using some form of primary fossil fuel,
mainly oil and coal [4]. Since these two sources are not
environmentally-friendly, several alternatives have been
also considered for zero or nearly zero emissions. In the
early 1970s, nuclear energy was seen as the most
promising potential source for hydrogen production,
however the status of the nuclear industry has changed
considerably since then and is no longer viewed with the
same enthusiasm in many quarters.

The other popular sources for producing hydrogen are
renewables such as hydropower, solar or wind power.

These sources generate electric power that can be used
to split water into hydrogen and oxygen. Although the
requirements of solar-electrolysis systems can be
satisfied in terms of area and sunlight, the water for
electrolysis would need to be transported to the site and
the resulting hydrogen transported long distances to its
point of use, leading to a non-effective cost system [5].
Other renewable energy sources, such as wind and
biomass, are still at experimental scale in terms of cost
effective hydrogen production.

Finally, although the technology to produce hydrogen
from renewable energy sources is well understood, it is
not yet mature enough to produce hydrogen in large
amounts because this technology is currently too
expensive for anything other than isolated markets [6].
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The above methods all use conventional (oil, coal),
nuclear and/or renewable (hydropower, solar, wind)
energy to electrolyze water and subsequently produce
hydrogen. Another hydrogen production method is the
steam-reforming of hydrocarbons and alcohols (methane,
methanol, ethanol, etc). According to the available data
on the thermodynamics of steam-reforming, the
equilibrium gas mixture may contain only three
components of noticeable concentration in the reformer:
hydrogen, steam and methane. Thus, the generalized
reaction for hydrocarbons and alcohols can be written as

[71:
CpHania0p + M H0 —

1

nCO, + (3n+1- p) H, +(m-2n+ p) H,O @
where p=1 corresponds to alcohols and p=0 to
hydrocarbons. However, the process is endothermic and
the heat required is typically supplied by burning some of
the feeding fuel or the hydrogen-rich product. The
hydrogen is then purified to 99.9% using a pressure-
swing-adsorption plant. The released CO, is first
captured using a solvent such as activated methyl
diethanolamine. Substantial amounts of energy are
needed to regenerate the solvent but most of this can be
obtained from the waste heat of the plant itself. The CO,
is then compressed and liquefied before being injected
into a pipeline and transported to a suitable sequestration
site.

The use of this technology enables the plant to operate
with  minimum greenhouse gas emissions [8].
Considering the amounts of carbon dioxide produced by
such a process are much lower than those produced when
using conventional fuels, and that the cost of transporting
CO, is less than moving quantities of either hydrogen or
electricity, the use of this hydrogen production technique
would aid enable a soft transition to a hydrogen-based
economy.

Finally, producers and users should also be
familiarized with the characteristics of hydrogen, while
enabling suppliers to phase in the introduction of this
novel technology in smoothly and economically.

I11. Hydrogen Losses During the
Production/Distribution/Utilization
Chain

Hydrogen production must be environmentally benign
without effecting natural cycles and balances. The
hydrogen content of the atmosphere is 180 — 200 x 10*? g
H, with a tropospheric lifetime of 4 - 9 years depending
on the actual OH-concentration. A typical increase of 0.5
% per year, corresponding to 0.6 - 1.6 x 102 g H, per
year, has been reported, regarding the composition of the
atmosphere in planetary basis and its hydrogen content
[9].

Hydrogen emitters are natural, anthropogenic and
photochemical.
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The natural sources are emissions from volcanoes,
geothermal steam, oceans, and soils with aerobic
bacteria. The contribution of these sources to overall H,-
emissions is estimated to be 2 - 5 x 10" g H, per year
[9]. The most significant anthropogenic source is
uncompleted combustion, which is estimated to emit 20 —
80 x 10" g H, per year, mainly due to fossil fuel usage
[9]. Lastly, photochemical emitters are both natural and
anthropogenic and the main sources include methane
oxidation (contributing 11 - 16 x 10*? g H, per year), and
the destruction of natural isoprene and terpene emissions,
mainly from vegetation (contributing 10 - 35 x 10" g H,
per year).

Most emitted hydrogen is destroyed in the
troposphere. Chemical destruction is estimated to be 10 —
24 x 10" g H, per year, where the resulting products are
involved in chemical processes [3]. The hydrogen
content of the stratosphere and mesosphere amounts to
about 30 x 10 g H,, with a strongly varying lifetime of
between 1 and 100 years (depending on chemical
composition and temperature). Measurements of isotopic
composition indicate that the hydrogen and water vapour
found in the upper stratosphere result mostly from
hydrocarbon decomposition, and not from tropospheric
diffusion of H, or H;0.

At heights of 40 - 80 km, decomposition of H, is the
dominant destruction mechanism. Above 140 km, atomic
hydrogen remains the most abundant chemical
compound with a loss flux of 16 - 31 x 107 particles/cm?,
corresponding to a total loss of 50 - 100 x 10° g
hydrogen per year [10]. Current losses of gaseous
hydrogen are far below 1 %, while those of liquid
hydrogen depend on the handling method and are
reported to be between 1 - 10 %. In the worst case, an
annual amount of 130 x 10* g H, per year is predicted,
almost double current hydrogen emissions. On the other
hand, a more realistic forecast of 2 - 3 % hydrogen loss
would result in 26 — 40 x 10™ g H, per year, which is
comparable to current hydrogen emissions from fossil
fuel combustion.

IV. Concluding Remarks

Although its usage has zero emissions, it is clear that
hydrogen cannot be considered a completely
environmentally-friendly energy source. It is necessary to
consider the entire production/distribution/utilization
chain to realistically estimate the expected environmental
impact of a global hydrogen economy. From an
environmental point of view, the production of hydrogen
using non-fossil fuel electricity is the favourable option;
however it does add substantial extra costs and
inefficiencies between energy source and end use.

Additionally, a future renewable energy economy with
today's total energy consumption but supplied completely
by renewables with a 50 % share of hydrogen, results in
water vapour and molecular hydrogen emissions which
are comparable to present emissions of these trace gases
from fossil fuel combustion.

International Journal on Energy Conversion, Vol. 1, N. 1



Frank A. Coutelieris

References

[1] P. Hoffman, Tomorrow’s Energy: Hydrogen, Fuel Cells and the
Prospects for a Cleaner Planet, MIT Press, Cambridge, MA,
(2000)

[2] D.W. Keith, A.E. Farrell, “Rethinking hydrogen cars”, Science
301: 315-316 (2003).

[3] W. Zittel, M. Altmann, “Molecular Hydrogen and Water Vapour
Emissions in a Global Hydrogen Energy Economy”, in
Proceedings of the 11th World Hydrogen Energy Conference,
Stuttgart, Germany, (1996)

[4] Khodaei, J., Abroshan, M., Gerami Moghaddam, I., Abdi, B.,
Abdollahi, A., The effect of demand response programs in the
greenhouse gases emission, (2011) International Review on
Modelling and Simulations (IREMOS), 4 (3), pp. 1341-1348.

[5] C.J. Winter, J. Nitsch, “Hydrogen as an energy carrier:
technologies, systems, economy”, Springer Verlag, Germany,
(1988)

[6] G.G. Leeth, “Hydrogen: its technology and implications, volume
II: transmission and storage”, CRC Press, Cleveland, USA,
(1979)

[71 F.A. Coutelieris, S. Douvartzides, P. Tsiakaras, “The Importance
of the Fuel Choice on the Efficiency of a SOFC system”, Journal
of Power Sources 123: 200-205 (2003)

[8] H. Audus, O. Kaarstad, G. Skinner, “CO, capture by pre-
combustion decarbonisation of natural gas” in Proceedings of 4th
International  Conference on Greenhouse Gas Control
Technologies, Elsevier, Oxford, UK, (1999)

[9] U. Schmidt, A. Khedim, D. Knapska, G. Kulessa, F.J. Johnen,
“Stratospheric trace gas distributions observed in different
seasons”, Advances in Space Research 4: 131-134 (1984)

[10] Pazheri, F.R., Othman, M.F., Malik, N.H., Al-Ammar, E.A,,
Pollution emission reduction with minimum transmission loss in
power dispatch including renewable Xenergy and energy storage,
(2012) International Review of Electrical Engineering (IREE), 7
(5), pp. 5769-5778.

Copyright © 2013 Praise Worthy Prize S.r.l. - All rights reserved

Authors’ information

Department of Environmental & Natural Resources Management,
University of loannina.

Frank A. Coutelieris is currently Assistant
Professor at the Department of Environmental
and Natural Resources Management in the
University of loannina, located at Agrinio,
Greece. He obtained his PhD in Chemical
Engineering in 1995 at Chemical Engineering
Department, University of Patras, Patras,
f Greece, and subsequently made postdoctoral
research visits to the Mechanical Engineering Department, University
of Thessaly, Greece, to the National Center for Scientific Research
"Demokritos", Greece , to the Unilever R&D Centre, Vlaardingen, the
Netherlands, and to Department of Mechanical Engineering, University
of Western Macedonia, Greece before taking up his faculty position at
The University of loannina in 2008. His research areas include
modelling of engineering applications and especially, modelling of
transport processes in complex porous structures. It includes more than
45 articles published in international refereed scietific journals, while it
has been worldwide acknowledged with more than 350 citations. He is
a regular reviewer in 19 relevant scientific Journals and research
funding agencies and he is/was a member in the organizing and
scientific committees of international and national scientific
conferences. He is married with the painter Natasa Konduli (three
children). More info is available at http://users.uwg.gr/~fkoutel/
Address: University of Western Greece, Seferi 2, 30100, Agrinio,
Greece.

Tel: +302641074196

Fax: +30 2641074176

E-mail: fkoutel@cc.uoi.gr

i .

International Journal on Energy Conversion, Vol. 1, N. 1



