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Solar Hydrogen economy is analyzed as a possible solution to the looming energy crisis. The present and future
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energy needsare projected and solar hydrogen potential to meet these needs are evaluated. Different solar hydrogen
production techniques are classified according to the process involved (thermochemical, electrochemical and photochemical). Salient points
on these methods are mentioned. An economic assessment of a conceivable solar hydrogen economy is also performed. PV water electrolysis
along with hybrid technologies like solar methane reforming and solar cracking are suggested as a good short to midterm solution. Photocat-
alytic production is predicted as a possible long term solution.It is observed that most of the processes have not been extensively researched

upon and promising thrust area for further research are recommended.

1. Introduction

Conventional energy sources are diminishing at an alarming rate
and thus, it is a must that alternate energy sources are devel-
oped and utilized. Nuclear, wind, hydroelectric, geothermal and
solar are all greener sources of energy.

Accidents related to nuclear power plants has not helped its
cause in the eyes of the public.[1] It also faces challenges in
waste disposal. Hydroelectric and geothermal energy sources are
limited by their availability. Wind energy is a viable alternative
and is being heavily researched upon. But, it also has some ma-
jor drawbacks like unpredictability of wind, large area require-
ment and noise production. On the other hand, solar energy
issafe, easily available and unlimited source of energy. Solar en-
ergy can be intermittent depending upon the availability of sun-
light on earth’s surface. Energy generated can be stored in form
hydrogen and can be used when needed. This a desirable solu-
tion the intermittency problem.[2,3,4,5]

In this review, the amount of hydrogen required to meet the
needs of the current market and the potential to produce the re-
quired amount of hydrogen using solar energy is discussed. A lot
of literature is available on different solar hydrogen production
techniques.[3,4,6,7,8,9,10] Categorization of these techniques
isambiguous and all the methods have not been discussed in
any single literature. An effort has been made to include all the
solar hydrogen production techniques and classify them accord-
ing to the process used: thermochemical, electrochemical and
photochemical. An economic analysis of a possible solar hydro-
gen economy is also examined. Finally, some of the conclusions
are listed and avenues for further research are also suggested.

2.Hydrogen Producing Potential of Solar Energy
Solar energy can be used to produce hydrogen in two ways. They
can either be used personally or for mass production.

According to an analysis performed by Singliar[11] on Honda
FCX assuming an average distance of 12,000 km/year, annual
hydrogen consumption will be 140 kg. Honda has developed a
“Solar Hydrogen Station” which produces 0.5 kg of hydrogen per
day.[12] This amounts to 180.5 kg of hydrogen per year, easily

Figure 1: Solar Hydrogen Station [12]

The United States consumes an average 128 billion gallons of
gasoline per year. [13] According to a study by Levene et al.
[14],1110 billion kg of hydrogen can be produced using solar and
wind energy. Assuming 1 kg of hydrogen is equal to 1 gallon of
gasolinein energy content, hydrogen potential is 8.7 times the re-
quired amount. Even though, separate calculations are not avail-
able for solar and wind energy, solar energy alone can satisfy the
hydrogen production need. Hydrogen production potential from
solar energy is shown in Figure 2.
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Figure 2: Total kg of hydrogen per county, normalized by the
county area [14]

3.Solar Hydrogen Production Techniques
3.1Thermochemical Process

Thermochemical Processes can be further classified into two
categories depending upon the number of intermediate steps in-
volved. All thermochemical processes are shown in Figure 3.

Coae mes
[ wiiny "

olwr S— s S S
Thmtgay = Te— tracng ebrwrg | | Caucaen
vl
Soist Fusls

Figure 3: Thermochemical Processes for Hydrogen Produc-
tion [10]
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3.1.1Direct Conversion

Solar Thermolysis is a single step process in which water mole-
cules are directly split into hydrogen and oxygen. This is possible
as water breaks down into its constituents when temperatures
greater than 2000 °C are achieved. *!

2H,052H,+0,

This is a highly endothermic reaction and a high temperature
heat source of about 2300 ° C is required.Hence, making it un-
suitable from an engineering point of view. Many ideas have
been proposed but they fail when severe thermal shocks are
generated due to high flux solar irradiation. It is also difficult to
separate the products (H, and O,). [10]

3.1.2 Indirect Conversion

Indirect conversion takes place at relatively lower temperatures.
It uses intermediate steps in order to avoid very high tempera-
tures. It can be used in two ways: splitting water molecules or
decarburization of fossil fuels.

3.1.2.1 Thermochemical Cycles

There are over 300 thermochemical cycles available that sepa-
rate water into hydrogen and oxygen using multiple steps. It
does not face the high temperate or the product separation
problem.[8] An efficient two step thermochemical cycle uses the
following metal oxide reactions.

Step 1(solar): MO~>xM + (y/2) 0,
Step 2(non-solar): x M +y 2 H20 > MO _+yH,

In the first step, thermal disassociation of metal takes place in
the endothermic reaction. In the second step, the activated met-
al is oxidized to produce the corresponding metal oxide and hy-
drogen.[10] An example of such a process is shown in Figure 4.
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Figure 4: Two-step Thermochemical Cycle [10]

3.1.2.2Decarburization of fossil fuels

Solar cracking and solar reforming are two methods using which
hydrogen can be produced from fossil fuels. Solar cracking is the
thermal decomposition of fossil fuels in an oxygen free environ-
ment as explained by the following reaction.

CxHy> x C + (y/2) H2

Solar methane cracking (SMC)
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Figure 5: Solar Cracking of Methane [10]
Solar reforming it the thermal decomposition of hydrocarbon
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and steam at temperatures about 1000 °C. It can be expressed by
the following reaction.

CH +xH,0~>(y/2+x)H,+xCO
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Figure 6: Solar Reforming of Methane [10]
3.2 Electrochemical Process

In this process, electricity required for splitting the water mole-
cule is derived directly from photovoltaic panels. It can be
thought of a reverse PEMFC with the required electricity being
directly provided by the PV panels breaking distilled water into
hydrogen and oxygen. Such a system is commonly used with an
electrolyzer and the overall efficiency is below 16%. [15,16] It
has been suggested that efficiency of such a system can be im-
proved if new materials accommodating more solar irradiation
are used. [5]
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Figure 7: Electrochemical Process [5]

3.3 Photochemical Process

Photochemical processes use solar light as energy to produce
hydrogen. They are of many types like photoelectrochemical,
photo biological, photocatalytic, photodissociation, photode-
composition and photolysis. We will be discussing photoelectro-
chemical, photocatalytic and photobiological in detail.

3.3.1 Photoelectrochemical Process

This process combines solar PV and electrolysis in a single de-
vice, thereby increasing the efficiency of the system. It consists
of a photoactive electrode that absorbs solar energy. When
enough energy is absorbed, an electron is released producing
electricity in the external circuit.[6] This electricity is used in
disassociation of water molecules.

2 hv+ H

20 > (1/2) 02 + H2

Where £ is the Planck’s constant and v is the frequency. [8]
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Figure 8: Photoelectrochemical Process [5]
3.3.2Photocatalytic Process

It uses a sensitizer that absorbs solar energy and uses it to acti-
vate the electrons in the valence shell of the oxygen atom in the
water molecule. A catalyst is used to accumulate these electrons
and uses them for oxidation of metal, producing hydrogen as a
product. Chemical reactions used in this process are as follows.

[5]

4S+4RY=4S*

48*+4C, =48"+4(C,)*
4(C.)* +4H =4C, +4H*
48*+4C, =4S+4C,
COX*+2H0=4C,_+20%+4H*
4H* = 2 H,

20%=0,

Where # is the Planck’s constant, Y is the photon frequency, S
is the sensitizer and CR and COX are the catalysts for reduction
and oxidation reactions respectively.
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Figure 9: Photocatalytic Process [5]

3.3.3 Photobiological Process

This process is similar to photosynthesis. Light energy is used
by different organisms like green algae, cyanobacteria etc. act-
ing as catalysts to produce hydrogen along with other by prod-
ucts. Direct conversion is possible when high intensity of light is
available. But, in this case, the photochemical efficiency is low.
Indirect conversion involves multiple intermediate steps and is

Research Paper

possible at lower luminous intensities. However, the gas mixture
produced is difficult to separate.[9]
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Figure 10: Photobiological Process [17]

4. Economics of Solar Hydrogen

In order to become competitive with fossil fuels in the short
term and with other alternate energy sources in the long term, it
is not efficiency but economics that plays the primary role.

PV water electrolysis is the most mature solar hydrogen produc-
tion technology today. According to National Research Council
(NRC), USA the cost of hydrogen production using this tech-
nique in 2004 was $28.19/kg of H,producing electricity at the
cost of $0.32/kWh.[18] It was further estimated that hydrogen
production costs will decrease to $6.18/kg of H2and consequent-
ly electricity costs will decrease to $0.1/kWh. This is a very at-
tractive prediction, but it has not been realized as of yet. [4,11]

7Zn0/Zn thermochemical cycle was the subject of analysis by
U.S. Department of Energy (DOE) in 2011.[19] They set targets
for the gallon of gas equivalent price of hydrogen for 2015 and
2025. Target price for 2015 is $6/gge and for 2025 is $3/gge. They
assume an efficiency of 30% and 35% in 2015 and 2025 respec-
tively. The efficiency today is below 10% and achieving the afore-
mentioned target within the given time frame seems highly un-
likely. [20]

Using concentrated solar radiation to produce high temperature
can work at 21% efficiency, providing hydrogen at $2.8/kg.[21]
At present, the cheapest thermochemical process to produce hy-
drogen is through solar methane reforming and solar methane
cracking.[22] But, as the price of fossil fuel rises, solar metal ox-
ide cycles (especially sulfur-iodine cycles) should become com-
petitive economically.

5. Conclusions and Avenues for Further Research

It is inevitable that fossil fuels will be replaced by cleaner and
greener sources of energy in the future. Solar hydrogen provides
a very lucrative solution to the impending energy crisis.

The major limitations of a solar hydrogen economy is high cost,
as none of the technology available today is anywhere near eco-
nomic viability.[4] A lot of research is already going on in this
field and the future does look promising.

In order to integrate solar hydrogen to the current industrial
needs, hybrid processes should be researched upon as a short
to midterm solution. This will help in obtaining more research
grants as immediate needs will be met and the technology will
also grow hand in hand. Eventually, a complete transformation
to solar hydrogen economy should be aimed at.

PV water electrolysis is the most mature of the solar hydrogen
production technologies. It has also been shown to be economi-
cally feasible for remote locations.[6,16,23,24] Its chief drawback
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is high cost and that is due to high solar plate cost and low elec-
trolyzer efficiency. Work is already being done on both of these
areas and the results being obtained are encouraging. [25]

Use of collectors that track the sun will increase the efficiency
of a PV system. It has also been claimed that pointing the col-
lector towards sky will increase the efficiency by 40% compared
to pointing it towards the obscured Sun.[26] This is an interest-
ing idea but no experimental data was given to back up the hy-
pothesis and a comparative analysis is required before bringing
it into practice.

Materials used in PV systems are not always compatible with
those used photoelectrochemical processes. Hence, a database
of materials along with their properties should be developed for
this process.

Regulation of codes and standards are important to the growth
of any technology. Hydrogen storage and transport have pro-
gressed a lot in the past few years and standards for most appli-

olume: 4 | Issue: 1 | Januar

There are many thermochemical cycles available for hydrogen
production. Even though they work at high efficiencies, the high
temperatures required is an issue from material science point
of view. ZnO/Zn is a likely process that can become economi-
cally viable in the near future.[19] But, before that it faces a lot
of technical challenges and R&D effort should be concentrated
in this region.

It is not only the production techniques, but the storage, distri-
bution and auxiliary components that add to the cost of hydro-
gen.[5] In order to achieve the dream of a hydrogen economy, ef-
forts should be made bring down the overall cost.

Going through the literature, it was observed that the economic
forecasts greatly vary. It is obvious that fluctuation of price is
very difficult to predict and thus, it becomes tough to envisage a
time frame for the imminent hydrogen economy. Looking at the
work being done in this area and the rising cost of fossil fuels it
only seems a matter of time before the world turns to a hydro-
gen based economy.

cations are available.[27] Similarly, a guideline for manufacture
of parts used in solar hydrogen production should also be estab-
lished.

Photocatalytic production of hydrogen is in its nascent state and
it is already being touted as a long term solution.[4] In order to
make it competitive, additional research on semi-conductors
suitable to this process should be conducted.

1. Bodansky D. “The environmental paradox of nuclear power” Environmental Practice Vol. 3, pp. 86-88, 2001. | 2. Clarke RE, Giddey S, Badwal SPS.

“Stand-alone PEM water electrolysis system for fail safe operation with a renewable energy source” International Journal of Hydrogen Energy Vol.
35, no. 3, pp. 928-935, 2010. | 3. Darras C, Sailler S, Thibault C, Muselli M, Poggi P, Hoguet JC, et al. “Sizing of photovoltaic system coupled with hydrogen/oxygen storage based on the
ORIENTE model” International Journal of Hydrogen Energy, Vol. 35, no.8, pp. 3322-3332, 2010. | 4. Tasneem Abbasi, S.A. Abbasi. “Renewable’ hydrogen: Prospects and challenges” Re-
newable and Sustainable Energy Reviews Vol.15, pp. 3034~ 3040, 2011. | 5. Z. Wang, R.R. Roberts , G.F. Naterer , K.S. Gabriel “Comparison of thermochemical, electrolytic, photoelec-
trolytic and photochemical solar-to-hydrogen production technologies” International Journal of Hydrogen EnergyVol. 7, pp.16287-16301, 2012. | 6. A.H. Abdol Rahim, Alhassan Salami
Tijani, W.A.N.W. Mohamed, S. Hanapi and K.I. Sainan,” An overview of hydrogen production from renewable energy source for remote application’3rd International Conference and
Exhibition on Sustainable Energy and Advanced Material, Malaysia (ICE-SEAM), pp. 30-31, 2013. | 7. M. A.Sudrez-Gonzalez, A.M. Blanco-Marigorta, and ].A.Pefia-Quintana, “Review
on hydrogen production technologies from solar energy” International Conference on Renewable Energies and Power Quality (ICREPQ'11), 2011. | 8. Anand S. Joshi, Ibrahim Dincer,
Bale V. Reddy, “Solar hydrogen production: A comparative performance assessment”, International Journal of Hydrogen Energy Vol. 36, pp. 11246-11257, 2011. | 9. Simon Koumi Ngoh,
Donatien Njomo, “An overview of hydrogen gas production from solar energy”, Renewable and Sustainable Energy Reviews Vol.16, pp. 6782-6792, 2012. | 10. Steinfeld, A, “Solar ther-
mochemical production of hydrogen—-a review”, Solar Energy, Vol.78, pp. 603615, 2005. | 11. Singliar, M, “Solar Energy using for Hydrogen Production”, Petroleum and Coal, Vol.
49, no. 2, pp.40-47, 2007 | 12. http://world.honda.com/FuelCell/SolarHydrogenStation/ | 13. Conner, M., “Estimated petroleum consumption: transportation sector and end-use total,
1949-2004". Annual Energy Review (AER).shington, DC, pp. 435, 2005. | 14. Johanna Ivy Levene, Margaret K. Mann, Robert M. Margolis, Anelia Milbrandt, “An analysis of hydrogen
production from renewable electricity sources”,Solar Energy, Vol. 81, pp. 773-780, 2007. | 15. Khaselev O, Bansal A, Turner JA. “High-efficiency integrated multi junction photovoltaic/

electrolysis systems for hydrogen production”, International Journal of Hydrogen Energy, Vol. 26, pp. 127-132, 2001. | 16. Bilgen, E., “Domestic hydrogen production using renewable
energy”, Solar Energy, Vol. 77, pp. 47-55, 2004. | 17. https://www.seas.ucla.edu/~pilon/Bioreactor.html | 18. NRC (National Research Council). “The hydrogen economy. Opportunities,
costs, barriers and R&D needs”, National Academies Press; 2004. | 19. Kromer M, Roth K, Takata R, Chin P. “Support for Cost Analyses on Solar-Driven High Temperature Thermo-
chemical Water-Splitting Cycles.” Final Report to DOE, Report No. DE-DT 0000951, 2011. | 20. Onur Taylan and Halil Berberoglu, “Application of Solar Energy”, ISBN 978-953-51-0969-
3,2013. | 21. Giaconia A., Grena R., Lanchi M., Liberatore R., Tarquini P’ Hydrogen/methanol production by sulfur iodine thermochemical cycle powered by combined solar/fossil en-
ergy.’ International Journal of Hydrogen Energy Vol. 32, pp. 469-481, 2007. | 22. Pregger, T., Graf, D., Krewitt, W, Sattler, C., Roeb, M., & Méller, S., “Prospects of solar thermal hydrogen
production processes.” International Journal of Hydrogen Energy, Vol. 34, pp. 4256-4267, 2009. | 23. Massimo Santarelli, Michele Cal, Sara Macagno, Design and analysis of stand-alone
hydrogen energy systems with different renewable sources”, International Journal of Hydrogen Energy, Vol. 29, pp. 1571-1586, 2004. | 24. Djamila Rekioua, Samia Bensmail, Nabila Bet-
tar, “Development of hybrid photovoltaic-fuel cell system for stand-alone application”, International Journal of Hydrogen Energy, Vol. 39, pp. 1604-1611, 2014. | 25. Jeffrey R. Bartels,
Michael B. Pate, Norman K. Olson, “An economic survey of hydrogen production from conventional and alternative energy sources”, International Journal of Hydrogen Energy, Vol.
35, pp. 8371-8384, 2010. | 26. Nelson A. Kelly , Thomas L. Gibson , Mei Cai , James A. Spearot , David B. Ouwerkerk, “Development of a renewable hydrogen economy: Optimization of
existing technologies”, International Journal of Hydrogen Energy, Vol. 35, pp. 892-899, 2010. | 27. Lipman, T., “An Overview of Hydrogen Production and Storage Systems with Renew-
able Hydrogen Case Studies”, Conducted under US DOE Grant DE-FC3608G018111 A000, Office of Energy Efficiency and Renewable Energy Fuel Cell Technologies Program, 2011. |

IJSR - INTERNATIONAL JOURNAL OF SCIENTIFIC RESEARCH 423




