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Feedstocks Usage in Hydrogen Production

Source: NAS Study, 2004
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Sustainable Paths to Hydrogen
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Hydrogen Production Methods
Most methods of producing hydrogen involve splitting water (H2O) into its component parts of 
hydrogen (H2) and oxygen (O). The most common method involves steam reforming of methane 
(from natural gas), although there are several other methods.

• Steam reforming converts methane (and other hydrocarbons in natural gas) into 
hydrogen and carbon monoxide by reaction with steam over a nickel catalyst

• Electrolysis uses electrical current to split water into hydrogen at the cathode (+) and 
oxygen at the anode (-)

• Steam electrolysis (a variation on conventional electrolysis) uses heat, instead of 
electricity, to provide some of the energy needed to split water, making the process 
more energy efficient

• Thermochemical water splitting uses chemicals and heat in multiple steps to split water 
into its component parts

• Photoelectrochemical systems use semi-conducting materials (like photovoltaics) to 
split water using only sunlight

• Photobiological systems use microorganisms to split water using sunlight
• Biological systems use microbes to break down a variety of biomass feed stocks into 

hydrogen
• Thermal water splitting uses a very high temperature (approximately 1000°C) to split 

water
• Gasification uses heat to break down biomass or coal into a gas from which pure 

hydrogen can be generated



Sustainable Energy Science and Engineering Center

Hydrogen Production



Sustainable Energy Science and Engineering Center

Chemical Hydrogen Production
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Electrolysis of Water

By providing energy from a battery, water (H2O) 
can be dissociated into the diatomic molecules of 
hydrogen (H2) and oxygen (O2). This process is a 
good example of the the application of the four 
thermodynamic potentials (internal energy, U, 
Helmoltz free energy, F = U-TS; Enthalpy, H = 
U+pv and Gibbs free energy, G =U+pv-TS.

The electrolysis of one mole of water produces a mole of hydrogen gas and a 
half a mole of oxygen gas in their normal diatomic forms. A detailed analysis 
of this process makes use of the thermodynamic potentials and the first law 
of thermodynamics. This process is presumed to be at 298K and atmospheric 
pressure. 
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Quanitity H2O H2 0.5O2 Change
Enthalpy -285.83kJ 0 0 ∆H = -285.83kJ

Entropy 69.91 J/K 130.68J/K 0.5x205.14J/K T∆S = 48.7 kJ

System work: 

W = P∆V = (101.3 kPa)(1.5 moles)(22.4x10-3m3/mol)(298K/273K) = 3715 J 

∆U = ∆H-P ∆V = 285.83kJ-3.72 kJ = 282.1 kJ 

∆G = ∆H-T ∆S = 285.83 kJ-48.7 kJ = 237.1 kJ

Electrolysis of Water
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Efficiency

Systems that claim  
85 %  

Improved electrolysis efficiency 
can bring the PV-hydrogen 
efficiency to about 10%
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There is enough water to sustain 
hydrogen!
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Hydrogen-Electricity

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

SESEC 
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LOW CURRENT ELECTROLYSIS OF WATER by Ph. M. Kanarev

The most modern Electrolyzers consume 4.0 kWh per cubic meter of H2 gas. 
Electrolysis process takes place by voltage of 1.6-2.0 V and current strength of dozens 
and hundreds of amperes. When one cubic meter of hydrogen is burnt, 3.55 kWh of 
energy is released [1].

A money-saving process of decomposition of water molecules into hydrogen and 
oxygen exists in the nature. This process takes place during photosynthesis. Hydrogen 
atoms are separated from water molecules and are used as connecting links while forming 
organic molecules, and oxygen is released into the air.

A question emerges: is it possible to model an electrolytical process of water 
decomposition into hydrogen and oxygen, which takes place during photosynthesis? A 
search of a reply to this question has resulted in a simple structure of a cell (Fig. 1), in 
which the process takes place by voltage of 1.5-2.0 V between the anode and the cathode 
and amperage of 0.02 amperes [1], [2]. 

http://guns.connect.fi/innoplaza/energy/story/Kanarev/electrolysis/

Electrolysis of Water
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The electrodes of the cell are made of steel. It helps to avoid the phenomena, which are 
appropriate to a galvanic cell. Nevertheless, at the cell electrodes a potential difference of nearly 
0.1 V takes place in complete default of electrolytic solution in it. When the solution is charged, 
the potential difference is increased. The positive sign of the charge appears on the upper 
electrode always, and the negative sign appears on the lower one. If a direct current source 
generates pulses, gas output is increased.

As a laboratory model of the low current electrolyzer cell generates small quantity of 
gases, a solution mass change definition method during the experiment and further calculation of 
released hydrogen and oxygen is the most reliable method of definition of their quantity. 
It is known that a gram atom is equal to atomic mass of substance; a gram molecule is equal to 
molecular mass of substance. For example, the gram molecule of hydrogen in the water 
molecule is equal to two grams; the gram-atom of the oxygen atom is 16 grams. The gram 
molecule of water is equal to 18 grams. Hydrogen mass in a water molecule is 
2x100/18=11.11%; oxygen mass is 16x100/18=88.89%; this ratio of hydrogen and oxygen is in 
one liter of water. It means that 111.11 grams of hydrogen and 888.89 grams of oxygen are in 
1000 grams of water.
One liter of hydrogen weighs 0.09 g; one liter of oxygen weighs 1.47 g. It means that it is 
possible to produce 111.11/0.09=1234.44 liters of hydrogen and 888.89/1.47=604.69 liters of 
oxygen from one liter of water. It appears from this that one gram of water contains 1.23 liters of 
hydrogen. Energy consumption for production of 1000 liters of hydrogen is 4 kWh and for one 
liter 4 Wh. As it is possible to produce 1.234 liters of hydrogen from one gram of water, 
1.234x4=4.94 Wh is spent for hydrogen production from one gram of water now.
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A small value of current 0.02 A and voltage 0.062 V allows us to suppose that in the low current 
electrolyzer the water electrolysis process is similar to the process, which takes place during 
photosynthesis. At photosynthesis, hydrogen separated from the water molecule is used as a 
connecting link while organic molecule formation, and oxygen is released in the air. At low 
current electrolysis, both hydrogen and oxygen are released in the air. 

Note: gas release is clearly seen during several hours after the cell is disconnected from the line. 
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Producing hydrogen from water, without electrolysis

Electrochemical potential difference drives the reaction

Researchers at DOE’s National Energy Technology Laboratory and 
Argonne National Laboratory have patented a "Method of Generating 
Hydrogen by Catalytic Decomposition of Water." The invention 
potentially leapfrogs current capital and energy intensive processes that 
produce hydrogen from fossil fuels or through the electrolysis of water. 
According to co-inventor Arun Bose, "Hydrogen can be produced by 
electrolysis, but the high voltage requirements are a commercial barrier. 
The invention provides a new route for producing hydrogen from water 
by using mixed proton-electron conducting membranes." Water is 
decomposed on the feed surface. The hydrogen is ionized and protons 
and electrons travel concurrently through the membrane. On the 
permeate side, they combine into hydrogen molecules.

US patent # 
6,468,499
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Hydrogen Production by Photo-electrolysis of Water

The photo-electrolysis of water into hydrogen and oxygen using solar energy 
is potentially a clean and renewable source of hydrogen fuel for the hydrogen 
economy. The energy conversion efficiency of water photo-electrolysis is 
determined mainly by the properties of the materials used as electrodes in 
the photo-electrochemical cell. Obstacles to direct photo-electrolysis of water 
are the lack of efficient light absorption, corrosion of the semiconductor 
photo-catalyst and energetics. The aim of research work is to engineer
materials with appropriate optical, electronic and chemical properties for use 
as photo-catalysts in efficient and cost effective photo-electrochemical cells.

Photoelectrolysis
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Direct Conversion
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Bandgap Considerations



Sustainable Energy Science and Engineering Center

Bandedge Energetic  Considerations
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Photoelectrolysis

A strong motivation for improved 
electrolysis process
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Photoelectrolysis
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Photoelectrolysis
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Thermal Decomposition of Water

By heating water to over 2,000ºC, it is broken down into hydrogen and 
oxygen. This is considered to be an interesting and inexpensive method 
of producing hydrogen directly from solar energy. Research is also being 
done on the use of catalysts to reduce the temperature for dissociation. 
One central problem is the separation of gases at high temperatures to 
avoid recombining. The efficiency factor is uncertain. 
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Thermochemical Production from  
Nuclear Energy

Source: 



Sustainable Energy Science and Engineering Center

Thermochemical Production
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Possible 
production 
of heat by 

solar 
thermal 
plant

Thermochemical Production
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Thermochemical Production
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Hydrogen From Water

Process Temperature (oC) Heat-to-Hydrogen Efficiency (%) Status

Electrolysis 20-25 Commercial
Sulfur-iodine 
thermochemical cycle 850 45-49 Pre-pilot
Calcium-bromine 
thermochemical cycle 760 36-40 Pilot plant
Copper-chlorine 
thermochemical cycle 550 41* R&D-ANL

* Energy efficiency calculated based on thermodynamics
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Solar Thermochemical Production 

Source: Aldo Steinfeld
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Solar Thermochemical Production 
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Solar Thermochemical Production 
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Copper-Chlorine Cycle
Hydrogen Production (160oC)
2Ag + 2HCl →H2(g) + 2AgCl

Intermediate Reaction (40oC)
2AgCl + 2CuCl + 8NH3(g) → 2Ag + 2CuCl2 + 8NH3(a)
The reaction takes place in an aqueous media.

Oxygen Formation (550oC)
2CuCl2 + 2MgO + H2O → 1⁄2O2(g) + 2HCl + 2CuCl + 2MgO
Reaction consists of a complex set of reactions in which MgO 
is chlorinated to MgCl2 Åú H2O at 270oC and transformed 
back into MgO at 550oC.

Net Reaction: H2O(l) → H2(g) + 1⁄2O2(g)

*Lecart, B., et al., Int. J. Hydrogen Energy, Vol. 4, pp. 7-11, 1979.
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H2O = H2 +
1
2

O2

Solar Thermochemical Production 
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ZnO Disassociation
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ZnO Disassociation
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Decarbonization of Fossil Fuels
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Timeline
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Efficiency
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Efficiency
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Solar Thermal Project

CSIRO in collaboration with industry partner Solar Systems Pty 
Ltd has demonstrated a concept for integrating solar thermal 
energy and methane gas to produce a range of solar-enriched 
fuels and synthesis gas (CO and H2) that can be used as a 
power generation fuel gas, as a metallurgical reducing gas or as
chemical feed stock e.g. in methanol production.
The main chemical processes are:

http://www.energy.csiro.au/
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Solar to Hydrogen Conversion Efficiency

Source: H-Ion Solar Company, W.R. Pyle, M.H.hays &A.L. Spivak
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a: Direct thermal hydrogen

b: Silicon photovoltaic cells   
and alkaline electrolyzer

c: Solar dish Stirling generator 
and alkaline electrolyzer

d: National Renewable Energy 
Laboratory goal

e: Multi-junction single crystal 
gallium arsenide solar cells and 
alkaline electrolyzer

f: Direct thermal hydrogen 
process potential
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