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Rësumë

Les procédés anciens, actuels et nouveaux de pro-
duction d'hydrogène sont évalués de façon critique. On
met l'accent, en général, sur les procédés qui pourraient
être commercialement viables avant la fin du siècle pour
la fabrication d'hydrogène en grandes quantités. L1elec-
trolyse de l'eau est le seul procédé industriel ne dépendant
pas des ressources fossiles pour la production d'hydrogène
S grande échelle et il est probable qu'il en sera ainsi au
cours des deux ou trois prochaines décennies. Bien que de
nombreux nouveaux procédés, y compris ceux utilisant la
lumière du soleil directement ou indirectement, ne soient
pas actuellement considérés commercialement valables pour
la production à gracie échelle de l'hydrogène, un effort
de recherche et de développement est requis pour enrichir
notre compréhension de la nature de ces procédés. L'elec-
trolyse de la vapeur d'eau est comparée avec les procédés
thermochimiques: celle-ci a le potentiel voulu pour rem-
placer tous les autres procédés pour la production de
l'hydrogène et de l'oxygène â partir de l'eau.
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ABSTRACT

Old, present and new processes for producing hydrogen are assessed
c r i t i c a l l y . The emphasis throughout is placed on those processes which could
be commercially viable before the turn of the century for large-scale hydro-
gen manufacture. Electrolysis of water is the only industrial process not
dependent on fossi l resources for large-scale hydrogen production and is
l i ke ly to remain so for the next two or three decades. While many new pro-
cesses, including those u t i l i z ing sunlight direct ly or ind i rect ly , are
presently not considered to be commercially viable for large-scale hydrogen
production, research and development effort is needed to enhance our under-
standing of the nature of these processes. Water vapour electrolysis is com-
pared with thermochemical processes: the former has the potential for d is-
placing al l other processes for producing hydrogen and oxygen from water.
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HYDROGEN PRODUCTION METHODS:
A CRITICAL ASSESSMENT

1. INTRODUCTION

Hydrogen is already important in Canada in both the non-energy sector,
such as in ammonia manufacture, and the indirect energy sector, such as in
tar sand processing or synfuel production (1). As the remaining fossil
resources become more expensive and heavier, it is prudent to add more and
more hydrogen from external sources, thereby increasing the carbon utiliza-
tion efficiency.

At present, all large-scale hydrogen production is based on fossil re-
sources in Canada, mainly natural gas. This situation is expected to change
gradually over the next few decades because the price of natural gas is peg-
ged to the oil price (2). A critical review of alternative hydrogen produc-
tion processes is therefore warranted.

This report gives a brief account of the historical development of hy-
drogen production technologies followed by a fairly comprehensive review of
the water electrolysis process. This process is expected to become important
in Canada by about the turn of the century (1). Hydrogen production from
fossil resources is discussed next, including the steam-iron (coal) process.

The other hydrogen production methods that are discussed all have one
thing in common, namely, they are not proven commercial processes. These
include the closed and open thermochemical cycles, some of which have reached
the pilot plant stage, to radiolytic production of hydrogen. Most of these
other hydrogen production methods have at least been demonstrated in prin-
ciple in the research laboratory.

The various hydrogen production methods are summarized in a table
that lists some advantages and disadvantages along with the development
status of each method.

Finally, conclusions on the hydrogen production process and research
and development opportunities appropriate to Canada's primary energy sources
are made.

2. HISTORICAL DEVELOPMENT

Water was decomposed electr ical ly into i ts elements, hydrogen and oxy-
gen, before the end of the eighteenth century (3), but did not become com-
mercially important unt i l the beginning of the present century. Hydrogen was
f i r s t produced as a by-product of oxygen for oxyacetylene welding. As the
Hemand for hydrogen grew for industry and airships in the US and Europe, new
methods were developed to manufacture i t from carbon-based sources, mainly
coal. The most popular method was to pass steam over hot carbon to form
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hydrogen and carbon monoxide. Another method was to pass steam over hot iron
to produce iron oxide and hydrogen free from carbon dioxide. The advent of
the Haber process to fix nitrogen for ammonia production created a large de-
mand for pure hydrogen after World War I. This demand was satisfied first by
coal gasification and later by the reaction of natural gas with steam at high
temperatures as natural gas became available after World War II. Reforming
of natural gas is still the cheapest method for large-scale hydrogen produc-
tion in Canada, serving the three major industrial uses of hydrogen, namely,
ammonia production, oil refining and synfuel production.

The yea>~s of relatively cheap natural gas and oil are numbered, even
in a "have" country such as Canada. Development into both old and new poten-
tial hydrogen production technologies is therefore warranted and has already
begun (4).

A discussion of the water electrolysis process follows.

3. WATER ELECTROLYSIS

3.1 fundamentals of Water Electrolysis

The production of hydrogen and oxygen by the electrolysis of water is,
in principle, very simple (see Fig. 3.1). The basic electrolysis cell con-
sists of a pair of electrodes immersed in an aqueous electrolyte, usually a
strong acid or a strong base. A direct current is passed through the cell
from ona electrode to the other. Hydrogen is evolved at the cathode (nega-
tive) and oxygen at the anode (positive) according to the following overall
electrode reactions in acidic or basic electrolytes, respectively, such as
H2SO4 or KOH:

Acidic Electrolytes:

[1] Cathode: 2H+ + 2e" *• H2

[2] Anode: H20 «-0.502 + 2H
+ + 2e"

Basic Electrolytes:

[3] Cathode: 2H20 + 2e" *-H2 + 20H-

[4] Anode: 20H" •-0.50-2 + H20 + 2e~

The overall cell reaction is of course the same in both cases, namely:

C53 H20 liquid - H 2 + 0.&02

In an operating electrolysis cell, replacement of the dissociated pure water
is continuous, while the electrolyte needs only periodic additions to com-
pensate for losses by leaks or by entrainment in the water vapour in both
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gases. The gases are kept apart by means of a separator, such as a woven as-
bestos cloth, that allows easy passage of the current-carrying ions of the
electrolyte but keeps gas intermixing to a minimum. Thus, the impurity in
hydrogen is a bi t of oxygen and vice versa. Both gases are produced rou-
t inely at 99+7o purity in commercial electrolysers. Because the basic elec-
trolysis cell has no moving parts, i t is generally reliable and represents
the least labour-intensive method of producing hydrogen (b): modern elec-
trolysis plants are, of course, fu l ly automated.

The theoretical cell voltage is determined solely by the change in the
Gibb's free energy (A Q) for reaction [b] as follows:

[6]

where E is the reversible cell potential, n is the number of electrons trans-
ferred (2 and 4 per molecule of Hg and Og, respectively), and F is the
Faraday constant (94,489 joules per volt per mole divided by n). This re-
versible potential is equivalent to 1.229 at 25°C and 0.1 MPa (1 atmosphere)
pressure and decreases with increasing temperature (Fig. 3.2).

Thermodynamics show that for maximum energy efficiency an electrolyser
should be operated at high temperatures, whereas a H2/O2 fuel c e l l , in
which the reverse of reaction [5] takes place, should be operated at a low
temperature. The kinetics of the electrode and ionic reactions, however,
favour higher temperatures for both the fuel cell and the electrolyser.
Thus, i t is fundamentally more d i f f i cu l t to achieve as high an energy e f f i -
ciency for the fuel cell as for the electrolyser.

To be consistent with efficiency measurements for other chemical fuel
production processes, the electrolysis energy efficiency, v £, is commonly
based on the higher enthalpy, A H, of reaction [ 5 ] . Furthermore, i t is cus-
tomary to use the higher heating value (HHV), which includes the heat of con-
densing water vapour. The corresponding cell potential is called the "ther-
moneutral voltage" because at this cell potential the electrolyser requires
neither heat input nor heat rejection. This voltage is shown as a function
of temperature in Fig. 3.2, labelled "HHV potent ial" . Its value of 1.48/V at
2b°C and 0.1 MPa (corresponding to AH = 28b.8 kJ/(g.mol)) is used here to
calculate the energy eff iciency, Vjr:

[7 ] i£ = 1.481/VE

where Vg is the measured operating voltage of a single cell in volts.
Thus, i f an electrolyser operates at a single cell voltage of 2.U V, i ts
energy efficiency is 74%. The difference between A H and A G for reaction
[b] i s , of course, the entropy gain, AS, v iz:

[8 ] A H - AG = T A S
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the magnitude of which is proportional to the height between the "reversible
potential" l ine and the "HHV potential" line of Fig. 3.2. This TAS energy
cannot be supplied by e lect r ic i ty directly but rather by heat.

Because AG is smaller than A H, i t is theoretically possible, and in-
deed also practical ly at very minute net currents, to achieve an energy e f f i -
ciency > 100%, 121%* being the theoretical maximum. Thus, i f electrolysis is
carried out at a cell potential between the reversible potential and the
thermoneutral (HHV) potential (Fig. 3.2), the electrolyser requires heat as
well as e lect r ic i ty input to maintain isothermal operation. At cell poten-
t i a l s above the thermoneutral potential, heat must be removed from the elec-
trolyser. In practice, a l l electrolysers operate above the thermoneutral po-
tent ia l so that external cooling must always be provided. The energy e f f i -
ciency is thus always < 100%. This is so because the internal resistive
losses and electrode polarizations in the unit cell are large enough at prac-
t ica l current densities so that the operating cell voltage is always greater
than the thermoneutral potential. However, i t is conceivable that energy ef-
ficiencies of about 90% wi l l be attained with medium-temperature (100-20O°C)
advanced electrolysers.

Present commercial electrolysers typical ly operate at energy e f f i -
ciencies between 70 and 80%. Thus electrolysis per se is a very eff ic ient
industrial process, part icularly in view of the fact that the electric cur-
rent efficiency approaches** 100%. The overall energy inefficiency l ies not
in electrolysis but rather in the conversion of heat to electrical energy.
For example, this efficiency is only about 30% for the successful CANDU reac-
tor so that the overall energy efficiency of electrolysis is about 20% now
with hopes of increasing this to 27% ( n £ = 0.9). To increase this number
further w i l l l ike ly require higher steam outlet temperatures and/or various
so-called topping cycles (6).

Fundamental advantages of water electrolysis are that the hydrogen and
oxygen gases are of high purity and can be delivered at pressure with l i t t l e
energy penalty. Assuming reversible thermodynamics, the theoretical minimum
energy required for pressurization of the product gases for reaction [b] is :

[9] AE = i j ^ / l n <P2/Pj)

where AE is the change in cell voltage (volts) due to a pressure change from
?l to ?2 (in atmospheres) and R is the gas constant. For example, at
25°C,

* Substitute the reversible potential for reaction [ 5 ] , i .e. 1.229 V,
for VE in Eq. 7.

** The electrochemical current efficiency is 100%, but some intermixing of
gases leads to real current efficiencies of 99+%.
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A E = 0.044 logiu (P2/Pl) and since P] is taken as unity by con-
vention, 44 mV would be required to deliver the gases at 1 MPa (10 atmos-
pheres), 88 mV at 10 MPa (100 atmospheres), and so on. Thus the theoretical
voltage penalty for pressurization represents only (0.065/1.9) 100 = 3.4% for
an electrolyser operating at 1.9 V and 3 MPa. In practice, this energy pen-
alty may be even lower because the volume of the evolving gas bubbles is re-
duced as the pressure is increased. Since evolving gas bubbles can cause in-
creased electrical resistance of the electrolyte, operation at higher pres-
sures can significantly decrease this ohmic loss. On the other hand, opera-
ting an electrolyser at higher pressures causes difficulties such as in-
creased interdiffusion of the gases across the separator and increased leak-
age losses. As a result, today only one main electrolyser manufacturer
offers a pressure electrolyser, as discussed in Section 3.2, but R&O in this
area is evident world-wide (7, 8, 9).

The thermodynamic arguments presented above have ignored the water va-
pour in the gases. A much more detailed thermodynamic treatment, which takes
into account the fact that both gases are wet, has appeared recently (10).
However, the general conclusions reached above are not affected by this more
rigorous thermodynamic treatment.

3.2 Electrode Kinetics

One main thrust in R&D for advanced electrolysers is concerned with
improving the reaction rates for both the hydrogen evolution reaction and the
oxygen evolution reaction, both of which have long been favourite topics for
university research as a literature search will show. Only the most rudimen-
tary treatment of kinetics, which nevertheless will serve to illustrate the
aims of current R&D efforts, follows.

The voltage of an operating cell can be represented as follows:

[10] VE = E + va + vc + R.i

where E is the reversible potential, v a and v c are the anodic and cath-
odic overpotentials, respectively, R is the resistance factor for the cell
and i is the operating current density.

The anodic and cathodic overpotentials are a measure of the irrevers-
ibilities of the oxygen and hydrogen evolution reactions, respectively, and
depend, among other things, on the electrode metal used. Each overpotential
may be expressed by the Tafel equation (see Reference 11 for more details):

[11] T = b logxu (i/i0)

where "b" is the Tafel slope and i0 is the exchange current density or the
current density at open circuit when the net electron flow is zero. Since
i 0 is assumed constant at a given operating temperature, Eq. 11 shows that
the overpotential at each electrode increases as the logarithm of the applied
current density. The whole effort in electrocatalysis aims at reducing both
n a and v c at a given current density. Progress in this area has
recently been summarized (9, 12).
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The overall resistance factor in Eq. 10 includes not only the ohmic
contribution from the cell hardware but also the ohmic resistance of the
electrolyte-gas mixture. The lat ter may contain a significant contribution
from gas bubbles. In a commercial electrolyser, the effective resistance
factor for a cell or a group of cells may best be determined by measuring the
operating voltage at two operating current densities and calculating K from
Eq. 12 by regression analysis (13):

[12] log i O i = C + [ l /(ba+bc)]VE - [R/(ba+bc)] i

where C is a constant.

The contributions to the terminal voltage of one unit cell of a water
electrolyser thus consist of:

(a) the reversible potential
(b) the hydrogen overvoltage
(c) the oxygen overvoltage
(d) the ohmic loss in the electrolyte
(e) the ohmic loss in the electrodes

and are shown in Fig. 3.3 as a function of the current density for a pract i -
cal unipolar (see next section) electrolyser operating at 7O°C.

The magnitudes of the various voltage contributions depend, of course,
on the detailed design of the electrolyser as well as the effectiveness of
any electrocatalysts. Good cell design wi l l tend to decrease the ohmic
losses while electrocatalysts decrease the overvoltage contributions from the
electrode reactions at any given current density. Since the current density
is usually expressed in terms of a geometric rather than a real surface area,
one of the simplest forms of electrocatalysts consists irF roughening the
electrode surfaces, thereby increasing the surface roughness factor defined
as the electrochemical (or chemical) surface area divided by the geometric
area of an electrode. Modern electrocatalysts research, however, also aims
at producing chemical surfaces that are in t r ins ica l ly active in promoting the
desired electrochemical reactions. This act iv i ty manifests i tse l f either as
a smaller Tafel slope, b, and/or a large exchangt current density, i 0 :
either or both effects yield a smaller overpotential (see Eq. 11) for a given
value of the current density, i . Nickel boride (NiB) and nickel-cobalt
spinel (NiCo204) show promise as good electrocatalysts for the hydrogen
and oxygen evolution reactions, respectively, in alkaline electrolytes (14).
Other promising candidates are also discussed in this recent review ar t ic le .
By combining good electrocatalysts with surface roughness the overvoltage
contributions are expected to be decreased by about 200 to 300 mV relative to
nickel-plated anodes and iron cathodes at current densities of the order of
300 to 500 mA/cm' in improved alkaline electrolysers. Thus, improved elec-
trode kinetics may not only decrease the size of a plant for a given rate of
production as a result of an increase in the operating current density, but
may also decrease the operating cost by virtue of a lower terminal cell
voltage.
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3.3 Scope for Improvements in Electrolyser Parameters

Possible improvements in the parameters of water electrolysers are
summarized in Table 3.3.1, in which the 1980 state-of-the-art values for com-
mercial equipment are compared with the projected values. The lat ter are
based on objectives set by the author* for the Canadian advanced water elec-
t ro lys is R&D program (4) which is being contributed to the "Advanced Alkaline
and Solid Polymer Water Electrolysis Development" programs of the
International Energy Agency (IEA) (9). Similar objectives have also been set
by other countries, e.g. , Reference 15. The prognosis is good for the long
term that most, i f not a l l , of these objectives can be reached given the
required R&D support.

As a result of R&D, the operating current density of an advanced water
electrolyser is expected to increase while the operating cell voltage is ex-
pected to decrease simultaneously (see Table 3.2.1) as compared to the
state-of-the-art technology. The former may lead to a lower unit capital
cost while the lat ter reduces the unit operating cost: both contribute to a
lower total cost of electrolyt ic hydrogen. Total electrolyt ic hydrogen
costs, based on modest but near-term improvements in the Canadian unipolar
(see next section) water electrolysis technology, are discussed elsewhere
(1).

3.4 Types and Manufacturers of Water Electrolysers

There are two generic types of water electrolyser designs, namely the
unipolar (tank type) and bipolar ( f i l t e r press). The main difference between
the two types is that in the unipolar design, individual cells are connecteG
in parallel e lectr ica l ly and sriare a common electrolyte, whereas in the
bipolar design, cel ls are connected in series electr ical ly and each cell has
i t s own electrolyte supplied and removed by common headers. Commercial
versions of both electrolyser types use 25 to 35 wt% potassium hydroxide as
electrolyte and operate at 70 to 85°C. The main advantages and disadvantages
of each configuration are l is ted in Table 3.4.1. The two types are very
competitive in to-day's market for rather small-scale (< 5 MW) electrolysers.
I t remains to be seen i f the same wi l l be true for electrolyser plants of the
order of about bU MW or greater.

One disadvantage of the unipolar type which is often quoted is the
fact that the relat ively high-current and low-voltage rec t i f ie r is costly.
Wlvie this may be so for small plants, multimegawatt plants wi l l consist of
either unipolar electrolyser modules connected in series or bipolar electro-
lyser modules connected in parallel e lect r ica l ly . The optimum rect i f ie r
voltage-current characteristics can thus be approached with either configur-
at ion.

The author manages the advanced water electrolysis K&U program on behalf
of the National Research Council.
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The acidic solid polymer electrolyte (SPE) electrolyser is a special
f i l ter-press configuration. One repeat unit is compared schematically in
Fig. 3.3 with a conventional alkaline unit ce l l . Because the SPE consists of
Teflon ,<ith sulfonic acid groups attached periodically, i t acts as a proton
(solvated) conductor and hence as an acid electrolyte (see Eqs. 1, 2). Note
that the SPE also serves as the separator for the hydrogen and oxygen. The
main advantages of this new electrolyser technology are:

1. Elimination of corrosive l iquids.
2. Relatively simple pressurized operation due to the physical

characteristics of the SPE.
3. Energy ef f ic ient operation at high current densities because

noble metal electrocatalysts are used.

The main disadvantages are:

1. The high cost of the key components (which must resist acid
corrosion) including the SPE i t se l f .

2. Requires noble metal electrocatalysts for both the anodic and
cathodic reactions.

3. Requires relatively large amounts of ingh purity recirculating
water for direct cooling of the SPE electrode assemblies.

The SPE electrolyser technology is not yet comnercial; i t is presently
l imited to laboratory, space or defence applications. The General Electric
Co. (16) hopes to compete with present and advanced alkaline electrolysers.
Scale-up and unit capital cost reductions are the major objectives of this
development.

Several companies offer commercial water electrolysers (17, 18) and
these are l isted in Table 3.4.2. For relatively large-scale hydrogen produc-
t i on , only Lurgi Apparate-Technik offers a pressure electrolyser today while
al l other manufacturers use compressors to reach the customer's desired
delivery pressure.

Some of the large electrolyt ic hydrogen plants in the world today are
l is ted in Table 3.4.2.

One of the large installations (not l isted) was located in Tra i l ,
Br i t ish Columbia. Built and operated by Consolidated Mining and Smelting Co.
during the 1930's, i t was expanded (19) to 14,b00 normal cubic metres* of
hydrogen per hour (Nm3 Hg/h) in 1944. Assuming an operating voltage of 2
V, and a plant capacity factor of 0.9, this rate of hydrogen production
represents a nominal 80 MW electrolyser plant. This plant was shut down in
1975. Incidentally, deuterium was extracted from the hydrogen in catalyst
towers by deuterium exchange between water vapour and hydrogen gas. Final
enrichment occurred in an auxil iary electrolysis plant designed for this
purpose (19). This process was operated from 1944 to 1956 and was Canada's
f i r s t industrial heavy water plant. The development of a similar but much
improved process is discussed elsewhere (1).

Norma1 cubic metre is the amount of hydrogen at 0°C and 0.1 MPa contained
in one cubic metre.
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4. HYDROGEN PRODUCTION FROM FOSSIL RESOURCES

4.1 Steam Reforming of Natural Gas

Steam reforming of natural gas is at present the most common process
used for producing large quantities of hydrogen in North America, the hydro-
gen being used as a chemical mainly in the manufacture of ammonia and meth-
anol. The process is shown schematically in Fig. 4.1, and the hydrogen
producing reactions (2U) are:

[13] CH. + H,.O cat< . CO + 3 H ,
4 i. 9 2 7 o C

[14] C0 + H 9 u H l : — ^ C O ? + H ?
349°C c

for which the overall reaction is:

[lb] CH4 + 2 H20 - CU2 + 4 H2

As reaction [lb] shows, half of the hydrogen produced is derived from methane
and half from steam. Reaction [13] is endothermic, absorbing 31.3 kJ/g of
hydrogen, and this energy must be supplied by burning fuel (not necessarily
methane) in the reformer. The reformer contains an inexpensive catalyst
that allows reaction below the temperature at which methane cracking can
occur. Reaction [14], which is the water/c;as shift reaction, is exothermic,
releasing about 20.7 kd per gram of hydrogen produced.

The scrubber removes the primary diluent, carbon dioxide. This may be
done by absorption in amine solution or scrubbing with cold methanol or even
liquid nitrogen if high purity hydrogen is desired. Pressure swing absorp-
tion-desorption on molecular sieve columns is another method for purifying
the hydrogen (21).

4.2 Partial Oxidation of Heavy Oil

Heavy oil cannot be processed catalytically like natural gas because
heavy oil cannot be completely vapourized without carbon formation and be-
cause of the relatively high sulfur and ash content (20). Consequently, the
heavy oil is subjected to partial combustion in the presence of steam.

The hydrogen/carbon ratio in heavy oils is about 1.8, and the hydrogen
producing reactions are the corresponding reforming reaction

[16] C H L 8 + H20 "-CO + 1.9 H 2

and the shift reaction [14] without the catalyst. The overall hydrogen pro-
ducing reaction is:
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[17] CH1 8 + 2 H20 »-CO + 2.9 H2

Water supplies 69% of the hydrogen. The energy required to drive the reac-
t i on , about b2 kJ per gram of hydrogen fu l ly shif ted, is supplied by the
combustion reaction:

[18] CH: 8 + 1.4b U2 «-C02 + 0.9 H20

Pure oxygen must be used in the process because of the difficulty in separat-
ing nitrogen fr^rr, hydrogen.

Two commercial partial oxidation processes were developed independ-
ently in the 19bO's by Texaco and Shell. Sorce 200 commercial-scale piants
have been built around the world with ammonia oeing the predominant end pro-
duct (22). Because of the availability of relatively cheap natural gas and
because of the present pressures to upgrade heavy oils (23), this process is
not \ery important in Canada in this hydrogen end use.

4.3 Hydrogen from Coal

The basic coal-gasification process is shown schematically in Fig.
4.2. After preparation, coal is introduced into the gasifier where it is
reacted with steam and oxygen to form hydrogen, carbon monoxide and carbon
dioxide. Since the gasifier is operated under reducing conditions, sulfur
appears in the product gases as hydrogen sulfide. These gases are then
cleaned of ash and tar and compressed if necessary. Several options are
available for the remaining steps to hydrogen, and the most probable is that
the gases will be scrubbed to remove H2S and C0 2 and then sent to a shift
converter to form hydrogen from steam reacting with CU (see Eq. 14). The
C0 2 added in the shift reactor is also scrubbed, and the resulting gas is
hydrogen containing traces of CO. Assuming a hydrogen to carbon ratio for
coal of 0.8 (12), the basic reactions are the reforming reaction:

[19] CHn o + H20 •- CO + 1.4 H2

and the shift reaction (Eq. 14); the overall reaction being:

[20] CHQ 8 + 2 H20 »-C02 + 2.4 H 2

As Eq. 20 shows, most of the hydrogen is derived from water, and the energy
requirement for reaction [20] is 85.3 kJ per gram of hydrogen. This energy
is supplied by burning coal.

There are several coal gasification processes in commercial operation
or in the development stage (24) but these need not be reviewed here. As in
the case of heavy oil, pure oxygen must be used in the basic gasification
process. It is sufficient to point out that coal gasification processes have
been used commercially for well over a hundred years. Efforts to improve
these are proceeding in several countries (25).
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4.4 The Steam-Iron Process

The fluidized steam-iron process for producing hydrogen has been p i -
loted by the Institute of Gas Technology in Chicago (26). In this process,
hydrogen is produced by the decomposition of steam by reaction with iron
oxide according to :

[21] 3 FeO + H20 »-Fe3O4 + H2

Preconditioned pulverized coal is gasified to provide a reducing gas for the
regeneration of the iron oxide, the main reactions in the reductor being:

[22] Fe30/i + CO *-3 FeO + C02

and

[23] Fe304 + H2 -3 FeO + H20

For the overall reaction the raw material is coal, as before, but because
hydrogen is not directly derived from the coal gasification step, air can be
used in the gasifier instead of oxygen. This is one advantage of the steam-
iron process. Another advantage is the fact that the oxidizer effluent con-
tains 37 vo]% hydrogen and 61% steam plus small amounts of N2 and carbon
oxides. Therefore no CD shift converter is necessary nor is an acid gas
scrubber. A simple clean-up methanation step reduces the carbon oxides to
0.2% followed by drying and compression to give vir tual ly pure hydrogen.

The CO and the H2 in the coal-derived gas are not completely con-
verted in reducing iron oxide so that the heating value plus sensible heat in
the reductor off-gas represents b4% of the input coal fuel value (26). A
portion of the energy in the reductor off-gas, representing about 15% of the
coal fuel value, is ut i l ized in the plant to compress air and raise steam
while the remainder is used to generate electr ic i ty in gas and steam turbines
both for plant use and export. By-product e lect r ic i ty for export represents
a heat equivalent of 18% of input coal or about 40% of the product hydrogen
energy content. By-product electr ic i ty is claimed to be another advantage of
the steam-iron process relative to straight coal gasification. The overall
energy efficiency is said to be 62.6% or 8i.b%, respectively, whether the
by-product is e lectr ic i ty or heat (26).

5. THERMOCHEMICAL HYDROGEN PRODUCTION

5.1 Introduction

The thermochetnical decomposition of water means the spl i t t ing of water
into hydrogen and oxygen by the use of heat and chemicals that are, ideally,
recirculated completely (Fig. 5.1). Thus, in this so-called closed thermo-
chemical cy.;e, the inputs are water and heat and the products are hydrogen
and oxygen, while the chemicals which take part in the reactions are
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recycled. The f i r s t plausible cycle was proposed by Funk and Reinstrom (27),
based on tantalum chloride:

[24]

[25]

[26]

H2O(g) +

2TaCl2(s)

2TaCl3(s)

"2(9) * =

+ 2HCl(g) ;

v=*2TaClj

* 2 HCl(g) + 0.

= = * 2 TaCl3(s

j(s) + Cl2(g)

b

)

o2(g)

+ H2(g)

727°C

25°C

1093°C

in which C l 2 , HC1, TaCl2 and TaCl3 are chemicals being recirculated and
where (g) and (s) denote gaseous and solid phases. The temperatures at which
signif icant reaction occurs frcm lef t to right in each reaction are indicated
on the right-hand side. Two high-temperature steps are involved in this
cycle as indicated. Work on this cycle has ceased because a detailed analy-
sis of i t yielded a thermal efficiency* of only 18%.

The objective of thermochemical cycles remains twofold:

(a) to increase the overall thermal efficiency of H2 production
from water signif icantly above that for electrolysis, and

(b) to decrease the temperature which is required for direct
sp l i t t i ng of water by heat, this temperature being about 2700°C.

I n i t i a l l y , a th i rd objective (28) was to find uses of the heat available in
the High Temperature Gas Cooled Reactor (HTGR). I t is therefore not sur-
prising to find nuclear laboratories in different countries, for example, KFA
Julich (Germany), J.R.C. Euratom Ispra ( I ta ly) and Los Alamos Scientif ic
Laboratory (USA), engaged in this f ie ld of research (28).

Much work has been done in the 1970's in this f ie ld at an estimated
cost of about $lbO x 106 (1980$) for the whole world from 1970 to 1979 (28)
inclusive. For comparison, the world production of hydrogen in one year cor-
responds to a price about 20 times this amount, or $3 x 109 (28).

What has been accomplished to date? The major act iv i t ies are summa-
rized in Table 5.1.1. These act iv i t ies have led to the rejection of many
proposed cycles (29). For example, one promising cycle was the iron/chlorine
cycle, but i t has recently been rejected by Cremer et a l . (30) based on
detailed flow-sheeting and efficiency calculations. These authors state:
"The calculated efficiency of 3b% is too low to guarantee economic feasib i l -
i t y of this process; moreover, any definite decision must naturally consider
problems in addition to achievement of good eff iciency".

* Defined as the ratio of the theoretical energy required for dissociation
of l iquid water into i ts gaseous elements to the total heat input
required.
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Today, only a few cycles of the literally thousands (29) that are
possible thermodynamically remain reasonable contenders. The passage from
laboratory to industrial production requires the solution or optimization of
some critical problems, listed in Table 5.1.2, identified in the laboratory
studies.

In the next section, the iron/chlorine cycle is discussed briefly to
"illustrate the complexity of thermochemical cycles when examined in detail.

5.2 The Iron/Chlorine Cycle
- t

As mentioned in the preceding section, the iron/chlorine rycie was
promising but has recently been declared (30) uneconomic. It is jaed here as
an example of how knowledge of the detailed chemistry is essential before a
particular thermochemical cycle can be adopted for industrial application.

The overall chemical reactions of this cycle are:

[27] 3FeCl2 + 4H20 ^ = i Fe304 + 6HC1 + H 2 650°C

[28] Fe304 + 8HC1 v = * FeCl2 + 2FeCl3 + 4H20 ~ 230°C

[29] Cl2 + H20 5==* 2HC1 + 0.5 02 700°C

[30] 2FeCl3 ^ = i 2FeCl2 + Cl2 35O°C

and it is thus characterized by:

(a) hydrogen generation via the hydrolysis of FeCl2,
(b) chlorination of magnetite with hydrogen chloride,
(c) oxygen production by means of the Reverse Deacon

Reaction, and
(d) chlorine recovery by decomposition of

As is typical of many thermochemical cycles, there is the difficulty of
handling gases, liquids and solids, as well as mixtures of the three. While
the schematic flow sheet for the above four reactions is relatively simple,
any practical flow sheet is quite complicated for the following reasons.

The chlorination reaction (Eq. 28) is actually performed in two
steps:

[31] Fe-jO4 + 3HC1 « 5 = * FeCl2 + FeOCl + 0.5 Fe 20 3 + l.b H20

and

[32] 0.5 Fe2O3 + FeOCl + 5HC1 v = = * 2FeCl3 + 2.5 H20
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Reaction [31] presents no problems and delivers almost pure water, which is
used direct ly for hydrolysis. However, reaction [32] must be controlled
quite closely in a rather narrow range of choices (30) for the reaction para-
meters. The dechlorination reaction [30j also occurs in two steps, namely:

[33] 2FeCl3 + CO ^ = ^ 2FeCl2 + CGC12

and

[34] COC12 5f=^ CO + Cl2

which involve handling carbon monoxide as well as chlorine gas. Similarly,
the hydrogen generation reaction [27] is carried out and designed in three
steps:

[35] 1.5 FeCl2 + H20 ̂ = =^ 0.5 Fe304 + 3HC1 + O.b H2

[36] 1.5 FeCl2 + 1.5 H20 ̂ ="=*1.5 FeO + 3HC1

and

[37] 1.5 FeO + 0.5 H20 v = i Ob Fe304 + 0.5 H2

The selection of the above separate reactions was influenced in part
by the heat balance calculations and a desire to get a favourable matching
between the chemical plant and the heat source, namely a helium-cooled HTGK
operating between 1000°C and b50°C. Computer programs were required for both
the energy and material balances of up to 652 different process flows (30).

With respect to the energy balance, i t was shown that 57% of the total
i r r eve rs ib i l i t i es , that i s , the entropy production multiplied by the ambient
temperature, in the process was due to liquid-gas separations involving hy-
drogen chloride, water and oxygen. The total i r revers ib i l i t ies are sl ight ly
higher than the energy equivalent in the hydrogen produced! In addition to
these second law of thermodynamics' l imi tat ions, there are, of course, also
additional energy inputs required to overcome practical inefficiencies in
heat-to-work type conversions. Thus, the calculated practical energy e f f i c -
iency of the iron/chlorine cycle is only about 35%, which, in view of the
complexity of the process, is considered too low for economic v iab i l i t y (30).

The above example serves to i l lus t ra te the importance of considering
the practical aspects of chemical separations and phase conversions in es t i -
mating real is t ic energy efficiencies for plausible thermochemical cycles.

5.3 Thermochemical and Thermo-Electrochemical (Hybrid) Cycles

The three cycles that are currently receiving the most R&D attention
are l isted in Table 5.3.1. Of these, only the sulfuric acid/icdine cycle is
a pure thennochemical cycle; the other two are so-called hybrid cycles, both
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of which are more accurately described as thermo-electrochemical cycles since
each involves one electrochemical step. Thus, two out of three thermochemi-
cal cycles must face technical problems similar to those associated with
water electrolysis. However, because the electrochemical reactions are d i f -
ferent in the hybrid cycles from those of conventional water electrolysis,
the theoretical and practical unit cell voltages are lower. The savings in
electr ical energy per unit of hydrogen produced must pay for the associated
thermochemical step in order to break even with water electrolysis.

A simplif ied flow sheet of the hybrid sulfuric acid cycle is shown in
Fig. 5.2 for which the principal reactions are:

Theraochemical

[38] H2SO4 »-H20 + SU2 + O.b 02 87U°C

Electrochemical

[39] 2H20(jJ) + SU2 • H2 + H2S04(aq) 100°C

Reaction [39] takes place in an electrolysis cell at 1OU°C, the design tem-
perature of the westinghouse R&O program (31). The theoretical cell voltage
is 0.29 V at 10(J°C and in bO wt% H2S04: the practical goal is 0.6 V at
200 mA/cm2. Hydrogen is produced at the cathcie while sulfurous acid is
oxidized to sulfuric acid at the anode, producing an aqueous solution of this
acid. This acid solution is vapourized at about 4bO°C as follows:

[40] H2S04-—*-H20 + S03 45O°C

For the sake of simpl ic i ty, the excess water that is converted to steam is
not shown in reaction [40] , The mixture of sulfuric acid, steam and sulfur
tr ioxide flows into the decomposer, where the SO3 is cracked at 87U°C.

[41] SO3 ^ = S SO2 + U.b 02 870°C

The mixture of S02, 02 and excess H20 enters the oxygen separator where
the 02 is extracted, and the S02 and H20 are recycled to the electro-
lyser after passing through appropriate heat exchangers.

To date, the major components of the cycle have been demonstrated by
Westinghouse (31) in bench-scale (~12U L H2/h) equipment employing glass
and quartz. The heat source was electrical energy. Plans call for a pre-
p i lo t integrated bench-scale cyclic process demonstration JUnit (PDU) by 1983.
The key items in the program (31) are:

1. Electrolyser development
2. Sulfur trioxide reduction catalysts and materials

screening
3. Process studies
4. Integrated testing (PDU) of the cycle.
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Parameters of the electroiyser required for this cycle are compared
with those of the low-cost unipolar advanced alkaline water electrolyser in
Table b.3.2. The comparison is based on laboratory-scale equipment for both
electrolysers.

A membrane type of separator is required for the S02-depolarized
electrolyser to minimize S02 diffusion into the cathode compartment.
Separators, which are typical ly woven cloths, are cheaper and have a lower
effective electr ical resistance than ionic membranes. Another disadvantage
of the SOg-depolarized electrolyser is the fact that i t requires noble
metal electrocatalysts for both the anodic and cathodic reactions because of
the acid environment. An operating pressure of about 2 MPa (~20 atmos-
pheres) is also required to increase the SU2 concentration, especially at
an operating temperature of 10U°C, since gas solubi l i t ies decrease with in -
creasing temperature. Also, forced electrolyte circulation is mandatory for
the bipolar design being considered (31) and because a gaseous reactant is
employed in this electrolyser. Some SO2 w i l l inevitably migrate to the
cathode where i t w i l l be reduced to hydrogen sulfide gas. I t is therefore
not surprising to find S02 and H2S as impurities in the hydrogen. In
many end uses, certainly the HgS would have to be removed because of i ts
foul smell and high tox ic i t y , while the SO2 could lead to corrosion
problems.

For a l l of the above reasons, the S02-depo1arized electrolyser wi l l
cost more to produce and to operate (excluding electrolysis energy) than the
relat ively simple low-pressure water electrolyser. The fact that the design
goal of 200 mA/cm^ for the current density is ~ 60% lower for the
SU2-depolarized electrolyser wi l l further increase the capital cost per
unit of hydrogen produced. Therefore, i t seems certain that only some frac-
t ion of the savings in electrolysis energy of the S02-depolarized electro-
lyser w i l l be available to defray the cost of the thermochemical steps of
this hybrid cycle.

The overall projected energy efficiency for the cycle, however, is
signi f icant ly higher at ~48% than for water electrolysis (32). This e f f i -
ciency is based on 0.6 V for the SU2-depolarized electrolyser.

Another hybrid cycle in the same family is the Ispra Mark 13 cycle
(33, 34) based on the following reactions:

Electrochemical

[42] 2HBr(aq) »-H2 + Br2 110°C

Thermochemical

[43] S02 + Br2 + 2H20 »-2HBr + H2S04 47-97°C

[44] H2SO4 »» H2U + S02 + O.bO2 73U-830°C
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This is a so-called three-step hybrid cycle, although a I^Sl^-concentra-
t ion and a Br2 d i s t i l l a t i on step must also be included. This cycle has
been operating in a laboratory-scale apparatus since 1978 with a nominal H2
capacity of 100 L/h. The apparatus consists of glass and quartz equipment
connected with Teflon tubing and works at atmospheric pressure except for the
SU2 liquefaction and recycle system (34).

The theoretical cell voltage for reaction [42] is 0.351 V at 25°C
(35), while practical cell voltages in small-scale electrolysers are typical-
ly 0.89 V at 250 mA/cm2 and 1.01 V at 450 mA/cm2 at 77°C in 47 wt% HBr
solution. However, since the cells being tested do not include a separator
between the anode and cathode, high current density operation over 1 to 2 h
can lead to poor current efficiencies (33). The best performance obtained to
date in tests > 10 h is 0.89 V at the medium current density of 220 mA/cm2

at 77°C with a current efficiency of 93-94%. Bromine is one impurity in the
hydrogen. Therefore, similar arguments as presented above in connection with
the S02-depolarized electrolyser versus the unipolar alkaline water elec-
trolyser also apply here.

No overall energy efficiency is included in References 33 and 34, but
i t is reasonable to assume i t is the same or somewhat lower than that of the
hybrid sulfuric acid cycle, based on the performance of the electrolysers and
the fact that this is fundamentally a three-step cycle. The high temperature
decomposition of sulfuric acid (more correctly, SO3) i s , of course, common
to both cycles>

The th i rd cycle, which is receiving a lot of attention, is a true
thermochemical cycle. This is the sulfuric acid/iodine cycle as follows:

[45]

[46]

[47]

2H20(£) + I;

H2S04 »

2 H i x M

z(i) + so2(g) -H 2SO 4

-H20 + S02 + 0.502

h + xl2

(aq) + 2HI (aq) 9b

871

120

°C

°C

°c

Reaction [45] results in an aqueous solution, and one of the main problems
encountered in this cycle is how to separate the sulfuric acid from the
hydriodic acid since d is t i l l a t i on wi l l reverse (36) the reaction. A clean
separation i s , of course, of prime importance since any H2SO4 lef t in the
HI and vice versa wi l l immediately result in a loss of hydrogen and oxygen
production.

This cycle was chosen by the General Atomic Company as the most
promising cycle based on an exhaustive computer search for pure thermochemi-
cal cycles (36). Work was in i t iated in 1972 but the program is now (37) also
being sponsored by the Gas Research Inst i tute, the US Department of Energy,
and the Metal Properties Council.

Staff at General Atomic Company overcame the l iqu id- l iqu id separation
problem presented by reaction [45] by using a considerable excess of I 2
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and carrying out the reaction at a temperature above the melting point of
iodine as indicated. In this way, two liquid phases are produced. The
lighter of these is a concentrated aqueous solution of HgSUq, while the
other, often designated the HI phase, contains the unreacted Ig, the
remaining unreacted water, and the HI product. Both phases are essentially
saturated in SO2 gas and the cross-contamination of acids in the twc phases
is said to be "minimal".

Besides basic chemical investigations, the General Atomic Company's
program also includes (37):

(a) Materials investigations
(b) Process engineering studies
(c) Bench-scale testing of the cycle.

Small-scale demonstration of this cycle in a closed loop under recycle con-
dit ions has been accomplished using the usual laboratory materials of glass,
quartz and Teflon. However, work is underway to test the cycle using mate-
r ia ls suitable for scale-up.

The calculated overall thermal efficiency of this cycle is currently
47% based on the best available information (37).

The advantages claimed for this cycle are the high energy eff iciency,
the fact that only liquids and gases are present (cf. the iron/chlorine
cycle), and that an electrolysis plant is not required. Disadvantages are
the corrosiveness of HI and the cost of I2.

This cycle was also being investigated by the Commission of the
European Communities at their JRC-Ispra f ac i l i t i es at the Mark 16 cycle, but
apparently this cycle has been dropped altogether now (38) in favour of the
Mark 11 and 13 cycles (see Table 5.3.1).

Other versions of this cycle, including one with an electrochemical
step, are being studied at the National Chemical Laboratory for Industry in
Japan (28).

Several other cycles are receiving lesser attention and the interested
reader is asked to consult the l i terature, e.g. , Reference 28.

All of the above are examples of "closed" thermochemical or hybrid
cycles, that i s , the chemicals taking part in the dissociation of water are
recycled internal ly. By contrast, open cycles (Fig. b.l) may include a
chemical "A" as input and produce a chemical "B" as output in addition to
H2 and Ug. The most practical open cycle at this time is the open-hybrid
sulfur ic acid "cycle" shown in Fig. 5.3. This is the Westinghouse or the
Mark 11 hybrid cycle with the high temperature thermochemical uep removed.
Since heat input is not required, this i s , s t r i c t l y speaking, no longer a
thermochemical cycle but an alternative electrochemical method for hydrogen
production. I t may be attractive for removal of SOg from stack gases.
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5.4 Summary and Conclusions

In the mid 197U's there was a lo t of hope for thermochemical produc-
t ion of hydrogen re la t ive to e lect ro lys is of water. However, as the various
promising cycles came under more rigorous sc ien t i f i c and engineering scru-
t i n y , the claimed overal l energy e f f ic ienc ies started to drop from the 5O-t>U%
range into the 40-5U% range (39). The i ron/chlor ine cycle is one example
that has recently been dropped because the r e a l i s t i c energy ef f ic iency f e l l
below 40%. By contrast, advanced alkal ine or acid e lec t ro lys is of water
could achieve overall energy ef f ic ienc ies in the 40-50% range, when coupled
to the same high-temperature source by a generator. Furthermore, two of the
presently favoured cycles include one e lec t ro lys is step, and neither of them
has been proven to be economically feasible on a rea l i s t i c scale. Again by
contrast , present alkal ine water e lec t ro lys is technology is well proven, so
that advanced designs represent re la t ive ly small techni--:1. r i sks . Neverthe-
less , since R&D in thermochemical cycles is re la t i ve ly new, one can s t i l l
hope that the best cycle may not even have been discovered yet or that a
cycle which may have been discarded too soon could prove to be p rac t i ca l .

At th is t ime, thermochemical cycles cannot be considered a commercial
a l te rnat ive to water e lec t ro lys is as a means of producing non-fossil derived
hydrogen.

6. OPEN ELECTROCHEMICAL CYCLES

6.1 Introduction

As shown in Fig. 5.1, open cycles for hydrogen production include a
chemical "A" as input and produce a chemical "B" as output. The open elec-
trochemical cycles discussed below are characterized by the fact that the
oxygen from the water from which the hydrogen is evolved reacts with chemical
"A" to produce chemical "B". No by-product oxygen is produced.

The open-hybrid sulfuric acid cycle discussed in section 5.3 (see also
Fig. 5.3) is one example of an open electrochemical cycle. Two other ex-
amples follow.

6.2 Coal-Water Electrolysis for Hydrogen Production

In principle, a coal slurry may be used to "depolarize" the anode of a
water electrolysis cell according to:

[48] Anode: C(s) + 2H2O(j5) ^CO2(g) + 4H
+ + 4e"

followed by the cathodic reaction in acid solution

[49] Cathode: 4 H + + 4e" »-2H2(g)



where s, £ and g denote the solid, liquid and gaseous phases, respectively.
The net reaction is the electrochemical gasification of coal, viz.:

[50] C(s) + 2 H20(/) 2 H2(g) + CU2(g)

The theoretical reversible cell potential for reactions [48] and [49] is
0.21 V, which is only 17% of the 1.23 V required for water electrolysis.
Thus, the consumption of coal is responsible for this much smaller theoreti-
cal cell voltage, and as reaction [50] shows, no free oxygen is produced.

Coughlin and Farooque have succeeded in demonstrating the electro-
chemical gasification of several coals in a laboratory glass apparatus (40).
Platinum gauze served as the anode and cathode in their sulfur*c acid/coal
slurry stirred electrochemical gasification cell. As expected, the reaction
rate for a given coal-slurry concentration increased with increasing cell
temperature and the oxidation rate varied about a factor of 6 between differ-
ent coals with particle size 250 Mm and below. It appears that the softer
the coal the higher the rate. However, even at 114°C and 5.6 ool.L"1 of
H2SO4, the maximum observed current densities at 0.8 V and 1.0 V were
only about 1 and 2 mA/cm^, respectively. Moreover, these maximum current
densities were observed only with that coal, North Dakota lignite, that
showed the highest reaction r&te and then only at the very low coal conver-
sion of 0.156%.

Because the current densities for the coal-depolarized anode are at
least two orders of magnitude smaller than that for the oxygen anodo in a
conventional water electrolyser, the capital costs will be at least a hundred
times larger. The low coal conversion efficiencies require that tht '.-w.!
slurry be recirculated many times through the cell. Erosion problem-
likely to be severe not only for the separator between anode .nd cath" ~om-
partments but for metal parts as well. Also, the carbon dioxiue produced
contains in the order of 3 to 7% of carbon monoxide. Therefore, CO-monitor-
ing safety equipment would be required in addition to ^-monitoring safety
equipment for a commercial plant.

Another disad"antage of the process is the fact that electrochemical
(or chemical) oxidation of coal results in the formation of surface oxides
such as hydroxyl, carbonyl and carboxyl groups (41, 43). The observed
decrease in reaction rate at higher coal conversion efficiencies is ascribed
to the formation of such surface oxides on the coal particles (40). To over-
come this problem, the cell temperature will likely have to be increased
significantly: Coughlin and Farooque suggest 200-600°C. Therefore, the
electrolyser will have to be a pressure electrolyser which will of necessity
be more complex and costly than the advanced unipolar alkaline electrolyser,
for example.

The main advantages claimed for the process are that (a) the cell
voltage is reduced by ~0.6-U.8 V relative to water electrolysis, and (b) the
gaseous products are essentially free of ash, tar or sulfur compounds
relative to chemical coal gasification processes.
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In summary, the coal-depolarized water electrolysis process requires
an operating temperature of at least 200°C for kinetic reasons and the cur-
rent density must be increased at least two orders of magnitude from what has
been demonstrated. The latter requirement may or may not be met at applied
voltages of 0.8-1.0 V. The process must compete with both old and new coal
gasification processes for hydrogen production on the one hand and water
electrolysis technologies on the other. The potential for a commercially
viable process thus sec.us low in spite of the environmental advantages of the
process relative to coal gasification.

6.3 Combined Production of Hydrogen with Other Chemical Products

The concept of producing hydrogen simultaneously with other chenical
products is not new. For example, sodium hydroxide, chlorine and hydrogen
are produced simultaneously by the electrolysis of brine, the overall reac-
tion being:

[51] 2 NaCl + 2 H20 "Z NaOH + Cl2 + H 2

Chlorine is the most valuable product in this process and the hydrogen is of-
ten vented. With rising energy costs, this practice will sooner or later be
discontinued in this industry. Nevertheless, the 130 x 1 0 ^ J of hydro-
gen associated with the 1979 world capacity for chlorine production of 3.8 x
1U7 tons represents only a few percent (44) of the actual hydrogen demand
of the chemical and fuel industries. From the point of view of massive
hydrogen production, then, this concept will be limited by the availability
of the additional feed (NaCl in the example above) and the market for the
additional chemical product(s) produced (in this case, Cl2 and NaOH).

Another example of such an open hydrogen production cycle has already
been mentioned, namely the open Westinghouse hybrid cycle (Fig. 5.3) in which
sulfur dioxide is the second feed and sulfuric acid is the other chemical
product. Another example based on sulfur is the overall reaction:

[52] S(s) + 4 H2O(j!) ^ 3 H2 + H2SO4(aq)

This reaction has the intrinsic advantage of producing three moles of hydro-
gen per mole of sulfuric acid. Two schemes for carrying out this overall
reaction have been proposed (44) as follows:

Process I

[63] 6 HBr -2 H2 + 3 Br2 (electrolysis)

[54] 3 Br2 + S + 4 H20 •*6 HBr + H2S04(aq)

Process II

[55] 6 HBr »-3 H 2 + 3 Br2 (electrolysis)
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[56] 3 Br2 + 6 H20 + 3 S0 2 *• 6 HBr + 3 H2SO4(aq)

[b7] 2 H2S04(aq) + S - Z H20 + 3 S0 2

the net reaction in both processes being given by Eq. b2. Excluding the
sulfuric acid concentration steps, Process I can be carried out in one step
whereas Process I I requires four steps (including bromine d i s t i l l a t i on ) .
Process I has the added advantage that the electrolysis cell does not need a
separator between the cathode and anode compartments (44). A bipolar cell
has been designed with a hydrogen production rate of 10U L/h. The laboratory
test c i rcu i t of this process is shown in Fig. 6.1. Schiitz (44) claims that
hydrogen could be produced by this process with 2 kWh/Nm^ (corresponding to
a cell voltage of 0.836 V) or less at current densities between 200 and 30U
mA/cm^. This compares with the theoretical (thermoneutral potential of
1.481 V) requirement of 3.b4 kWh/Nm^ of H2 for conventional electrolysis.
For this reason, the calculated (44) thermal energy efficiency is about 70%
on the following basis:

(a) the separation of H2SO4 from HBr is carried out by
reaction with CaC03 to produce CaStty,

(b) heat losses and energy lost for pumping, preparation of
f inely divided sulfur and handling of feedstock as well as

product have been ignored.

While the overall practical thermal energy conversion efficiency of this
electrolysis process remains to be determined, there is little doubt that
this efficiency is likely to be significantly higher than for other competing
processes.

Disadvantages include the required handling of calcium carbonate and
sulfur feeds as well as calcium sulfate product. From the electrolysis cell
point of view, the solid-liquid slurry will increase mechanical wear of elec-
trode surfaces, etc. due to abrasion. This could lead to relatively short
life expectancy for the necessary electrocatalysts as well as other cell
hardware. Moreover, one mole of C0 2 is released for every three moles of
H2.

The sulfuric acid could also be recovered as such from the aqueous
solution by distillation, which would lower the net thermal energy conversion
efficiency but eliminate the hand ing of CaCO3 and CaSO,;.

If we assume the total world production of sulfuric acid is produced
by processes based on reaction [b2], the hydrogen equivalent (44) would be
about 10 J 8 J or 8 x 10 1 0 m 3, whicn is about eight tines larger
than that from world production of chlorine by reaction [51J. Still, in
terms of world primary energy demand, this quantity is small.
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In summary, it can be stated that the concept of open-cycle hydrogen
production processes based on water and one or more additional feeds, but no
fossil fuel resources, to yield hydrogen and one or more additional chemicals
has potential for the chemical process industry, including petroleum
refining.

Because of the limited market for the by-product(s), this concept is
not considered to be suitable for massive hydrogen production. Demonstrated
processes involve electrolysis. The advantages over conventional water elec-
trolysis, namely a higher thermal energy conversion efficiency and chemical
by-product(s), must be weighed against the cost, availability, handling and
effect on the cell components of the additional feed(s) required and
product(s) produced.

7. DIRECT THERMAL SPLITTING OF WATER

7.1 Introduction

When water vapour is heated to very high temperatures (2bu0-3O0O K)
some of the water vapour dissociates directly into hydrogen and oxygen atoms.
The following reactions must then be considered (4b):

2000-3U00 K

[58] H?0 i==^ H2 + 0

[b9] H2U »==* U.b H2 + OH

The calculated (46) mole fractions of the components in a dissociated water
vapour for a total pressure of 0.1 MPa (1 atmosphere) are shown in Table
7.1.1 as a function of temperature. Thus about 1% of the water vapour is
dissociated at 2000 K, and 36% at 3000 K.

For a constant temperature, the dissociation products increase with
decreasing total pressure. Thus, decreasing the total pressure to 10 kPa
(0.1 atmospheres) would still result in a theoretical equilibrium conversion
of water to hydrogen of about 1% at 2000 K, the total dissociation of water
being about 2% (46); the remaining hydrogen is tied up with oxygen (see reac-
tion [59]). It is therefore theoretically possible to obtain substantial
amounts of hydrogen at temperatures lower than even 2000 K by removing hydro-
gen and oxygen continuously from the dissociated water vapour system.

7.2 The Heat Source

The heat source most often considered to reach these temperatures is a
solar furnace. Ford and Kane (47) first mentioned this possibility in an
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article entitled "Solar Power" in the "Bulletin of the Atomic Scientist".
Several solar reactor designs have already been assessed for this applica-
tion, for example at Ecole Polytechnique in Montreal by Bilgen (48).
Prospects for technical development appear to be reasonable.

7.3 Overall Theoretical Thermal Efficiency

The overall theoretical thermal efficiency has also been calculated
(35) as a function of temperature and various water vapour pressures. As
might be expected, this theoretical efficiency increases with increasing
reaction temperature and increasing water vapour pressure. Thus at 25UU K,
this efficiency is about 3S% and 68% at 10 kPa and U.I MPa, respectively; at
3000 K, these values become ~ 6 2 % and ~ 84%. Of course, practical overall
thermal efficiencies will of necessity be smaller.

7.4 Technical Problems

One of the major technical problems is the development of an efficient
separator for both the hydrogen and oxygen from the reaction mixture (sun of
equations 58 to 61). One such device is a molecular ceramic effusion inet.i-
brane. For separating the hydrogen atoms and molecules, a thoria ceramic
membrane having holes about 50 to 7b M m in diameter has been suggested (48,
49). Similarly, it has been suggested (48) that stabilized zirconia might be
used as an oxygen ion conductor to remove the oxygen atoms and molecules.
One critical problem in both of these processes is the structural strength at
the necessary high temperatures. Experimental studies are clearly needed to
establish the characteristics of these ceramics in the proposed environment.

Corrosion and hydrogen embrittlenient of materials in the medium to
high temperature zones &re also problem areas. Direct thermal splitting of
water vapour cannot be regarded as a competitive hydrogen production process
for the forseeable future.

8. WATER VAPOUR ELECTROLYSIS

8.1 Introduction

In direct thermal splitting of water vapour, the free energy change,
A G, for the overall reaction approaches zero, and the only energy required
to overcome the product of temperature and entropy change (see equation 8)
is heat. In reversible electrolysis of water, only free energy is theoret-
ically required to dissociate water into its elements. Thus, processes
working at intermediate temperatures thermodynamically require some energy
input in the form of heat and some in the form of free energy, be it
mechanical (e.g., compression) or electrical. Two such processes are the
pure thermochemical cycles for hydrogen production (see Section b) and water
vapour alectrolysis. In both cases, the main incentive for research and
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development work is the fact that heat at say 1OOU K can be produced from a
primary energy source about two times more efficiently than can electricity.
The higher the fraction of energy that can be supplied as heat, therefore,
the higher the theoretical overall energy efficiency. As already discussed
(Section b.4), however, in practice non-thennodynamic considerations can
alter this simple argument significantly. Water vapour electrolysis is
therefore in direct competition with the thermochemical cycles, both pure and
hybrid.

In water vapour electrolysis, A G also decreases and A H increases
with increasing temperature as in the case of liquid water electrolysis shown
in Fig. 3.2. However, in water vapour electrolysis at elevated temperatures,
the electrode reactions proceed at reasonable rates with significantly lower
over-voltages, and no electrocatalysts are required for either the hydrogen
or the oxygen evolution reactions. Furthermore, the solid electrolytes used
can be very thin so that, in principle, internal ohmic losses may also be
small. These are the major advantages of water vapour electrolysis. The
major disadvantages are all related to materials problems at the temperatures
of ~1000°C required with present solid ceramic electrolytes. Because of the
material problems already encountered with bench-scale water vapour electro-
lysers, R&D are also being directed at finding new solid electrolytes with
appropriate conductivities at lower temperatures (600-7UO°C) (7, bU, 51). In
Canada, the effort in this area is directed to finding solid electrolytes
that could operate at 200-400°C (51) and thus be in the range of the CANDU
reactor outlet temperature.

8.2 Oxygen Ion Solid Electrolytes

Most of the past and present work on water vapour electrolysis is
based on solid oxide electrolytes in which the oxygen ion, 0^~, is the
mobile charge carrier. A single cell of a solid oxide electrolyser is shown
schematically in Fig. 8.1. Yttria (Y2O3) stabilized zirconia (ZrOg)
has been the favorite electrolyte in this class. Thus, a High Operating
Temperature JElectrolysis (HOT ELLY) system is being developed Tn Germany (b2)
Fased on this electrolyte by Ooner Systems GmbH. In the United States, the
Westinghouse Electric Corporation under sponsorship of the Department of
Energy (53) have been developing a fuel cell based on the sane electrolyte
for producing electricity from coal-derived fuel (H2, CO). However, this
technology is also pertinent with respect to the development of a solid oxide
electrolyte water vapour electrolyser. In fact, one of the advantages of the
water vapour electrolyser is that it can operate in either the fuel cell mode
or the electrolysis mode, making the device most suitable for energy storage
and peak power production.

The cell structures in these systems are very thin, being of the order
of 100 Mm for both electrodes and electrolyte. Consequently, the cell
structures must be mechanically supported by a porous ceramic support tube
matrix that also allows the ducting of one of the gas streams. Hydrogen is
generated at the nickel/zirconia cermet electrode while oxygen is evolved at
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a composite oxide electrode. Contact between both electrodes is accomplished
by the interconnection material (current collector in Fig. 8.1) and unit
cells are connected in a bipolar arrangement. Batteries of 120 series con-
nected cells have been constructed and tested (b4).

The interconnection material is the major problem area because the
electrical, chemical and mechanical properties of the interconnection mate-
rial must be matched with those of the electrodes, electrolyte and porous
support. Modified lanthanum chromite has been identified as a practical
material, and a vapour deposition process has been developed to deposit
uniformly thick layers of this complex (doped with magnesium and aluminum)
oxide.

A 10UU hour life test in the fuel cell mode has been completed
successfully at 10UU°C with a tube stack with a nominal diameter of 1.3 cm
and length of 30 cm (b4). Single cell tests have been carried out for four
years (34,000 h) in which the open cell voltage (fuel cell mode, ~ 1 V) and
the power density (~ 80 mW/cm?) remained practically constant (b4).

Operations in the electrolysis mode (54) at bUO mA/c.2 required a
cell voltage of 1.3 V at 1UUO°C, which is below that corresponding to the
required enthalpy change (~l.b V), that is, the energy efficiency of this
cell is about 115%, ignoring the heat input. In this case, additional heat
is needed for the decomposition of water in a practical cell. On a small
scale, then, it has been shown that a high temperature water vapour electro-
lyser could operate at a voltage below the thermoneutral voltage (see Fig.
3.2). The overall energy efficiency is expected to approach 100%.

At present, the manufacturing costs of producing multi-cell stacks are
simply too high to be competitive. Research and development are therefore
being directed to applying the thin film techniques so familiar in the semi-
conductor industry. These techniques have the potential of simplifying and
reducing battery manufacturing costs to the point where such a fuel cell/
electrolyser may be able to compete. The thin film concept should also allow
a reduction in operating temperature to 700-80U°C that would reduce the tech-
nological problems associated with high working temperatures.

8.3 Hydrogen Ion Solid Electrolytes

The electrode reactions of an electrolyser with a solid hydrogen ion
electrolyte are identical to reactions [1] and [2] (Section 3.1) except that
the water is in the gaseous state; the reverse reactions are operative in the
fuel cell mode.

The major advantage of the "fast" ceramic hydrogen ion conductors is
their high ionic conductivity even at room temperature. One of the most pro-
mising candidates is the hydroniuin 0"-alumina (0.84 H£0 • 0.84 MgU • b
AI2O3 • 2.8 HgO). Other hydrogen ion conductors have been reviewed
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recently (b l ) as part of Canada's cont r ibut ion to the Internat ional Energy
Agency's Hydrogen Programs.

Hydrogen ion so l id conductors thus have the potent ia l of lowering the
working temperature of a water vapour e lec t ro lyser or fuel ce l l to 200-4U0°C.
Needless to say, at these much lower temperatures, mater ia ls problems w i l l be
very much reduced and more t rac tab le than at 1UUO°C.

At present, work on the /3"-alumina hydrogen ion conductor is s t i l l at
the fundamental level but progress is being made (5b).

Work on other candidate so l id oxide hydrogen ion conductors, such as
A1UOH and SbOUH, is in progress in I t a l y (bb).

In summary, i t w i l l be some time yet before a s ingle ce l l w i l l be con-
st ructed based on a ceramic hydrogen ion conductor. By cont rast , ti-e ceramic
oxygen ion conductor based fuel c e l l / e l e c t r o l y s e r is much fur ther advanced
although s t i l l at the bench-scale. While water vapour e lec t ro l ys i s is not a
commercial hydrogen production process today, t h i s process has considerable
potent ia l as a combined fuel eel 1 /e lect ro lyser . The overal l energy e f f i -
ciency as an e lec t ro lyser could approach lOu%.

9. PHOTOELECTROLYSIS OF WATER

9.1 Introduction

The photoelectrolysis approach to hydrogen production tias attracted
considerable attention because, in principle, i t can u t i l i ze the energy of
l ight that is not absorbed by water to promote the photo-catalysed dissocia-
t ion of water. Water is transparent over v i r tua l ly al l of the near-infrared,
visible and near-ultraviolet portions of the solar spectrum and is dissociat-
ed through the direct absorption of l ight only when very short wavelength
ul t ravio let l ight is used. As already discussed, electrolysis of water
requires an electr ical energy input of about 1.23 V, which corresponds to
l ight having a wavelength of 1UU8 nm, in the near-infrared portion of the
spectrum. Photoelectrolysis thus provides a means of "sensitizing" the dis-
sociation of water under the influence of l ight that is not absorbed by the
water i t se l f .

9.2 The Classical Photoelectrolysis Cell

The classical type of photoelectrolysis c e l l , f i r s t used by Fujishima,
Honda and Kikuchi in 1969 (b7), is shown in Fig. 9.1. Their work was not
widely known unt i l Fujishima and Honda published their benchmark paper in
Nature (58) in 1972. These workers used a single crystal of ru t i le (TiUg),
an n-type semiconductor, as the photo-anode and platinum as the cathode. A
fine glass f r i t served to keep the 1 mol/L sulfuric acid in the cathode
compartment from mixing with the 1 mol/L sodium hydroxide in the anode side.
Because the Japanese workers had a concentration c e l l , in effect equivalent
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to a bias voltage of ~ U.6 V, they observed the evolution of H2 and (J;> at
the respective electrodes without an applied voltage when the TiU2 anode
was illuminated. Subsequent experiments by other workers (b9) on the sane
electrode system confirmed the Japanese work but proved that with a single
electrolyte a small bias voltage (as low as 0.2b V) is required before photo-
electrolysis proceeds. These results also confirmed that Ti U2 is a true
"photoassistance" agent for the electrolysis of water.

The reactions thought to occur are:

[62] n-TiO2 ——^2 e" + 2 h+

[63] 2 h+ + H2f)
 T i 0 2 ^o.b 02 + 2 H+

[64] 2 e" + 2 H+ - »-H2

where h+ denotes the positive hole or vacancy produced in the semiconductor
surface when l ight with energy greater than the band-gap of the semiconductor
impinges on i t . For a more detailed model of photoelectrolysis see Reference
60, for example.

While the n-type TiUg semiconductor anode in conjunction with a Pt
cathode photoelectrolysis cell has received much attention, other systems are
also being studied in the same type of c e l l . These include (a) a p-type
semiconductor (such as gallium phosphide) in combination with a metal
counter-electrode (61), and (b) an n-type semiconductor in combination with a
p-type (61, 62). Regardless of the details of design, the fundamental pro-
cess is the same. Upon the absorption of l ight by the photoactive semicon-
ductor electrode, a photocurrent flows through the external c i rcui t con-
necting the two electrodes such that the surface of the n-type semiconductor
becomes electron-deficient (positive holes) while the surface of the p-type
semiconductor becomes electron-rich. The resulting reactive sites on the
electrode surfaces then serve to oxidize water to U2 at the n-type anode
and reduce protons (solvated) to H2 at the p-type cathode.

9.3 Problems in Photoelectrolysis

The major technical problem nay be described as follows: those pot-
ent ia l ly useful semiconductor electrode materials reported to date that are
highly coloured, and therefore absorb solar energy effect ively, tend to cor-
rode or dissolve under photoelectrolysis conditions, while those materials
that have been found to be in t r ins ica l ly stable also tend to be transparent,
or nearly so, to most of the solar spectrum, and their efficiency of u t i l i za -
t ion of solar energy is therefore very low. For example, the Japanese
workers (58) obtained an estimated quantum efficiency of only U.1% with a 5UU
W xenon lamp.

Like a l l processes using earth-based solar energy, the capacity factor
of the potential photoelectrolysis plant is less than bU%.
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Because one of the electrodes of a photoelectrolysis cell must be
illuminated with l i gh t , scaling-up such a device is l ikely to be d i f f i cu l t
and/or costly. Neither the bipolar stacking of individual cells nor the uni-
polar-tank configuration of conventional water electrolysers is appropriate
here.

9.4 The Photochemical Diode

The concept of a photochemical diode (63) for the production of hydro-
gen and oxygen has evolved as an extension of the development of p-n hetero-
type photoelectrolysis cells. In a photochemical diode, the p- and n-type
electrodes are in direct ohmic contact with each other, rather than being
connected through a discrete external circuit as in the classical cell design
(Fig. 9.1). These diodes can, in principle, be fabricated in very small
sizes and one can begin to think in terms of a photocatalytic powder (64),
which could be slurried in the water. Since no external voltage is required
to dissociate the water, H2 and O2 could be produced directly from sun-
light. With appropriate redox electrolytes to suppress oxygen evolution, it
is possible, in principle, to produce hydrogen only. This eliminates two
potential problems: having to separate the H% from the O2, and having to
worry about possible H2-O2 explosions in the reactor. On the other hand,
the reduced form of the redox couple may have to be regenerated external to
the main reactor, unless a by-product such as chlorine (see equation bl)
could be produced. This possibility deserves consideration.

Because the photodiode-water slurry concept is inherently far easier
to scale up than the classical photoelectrolysis cell configuration, the
diode concept is likely to receive much more attention in the future.

In conclusion, however, photoelectrolysis cannot be considered a
viable hydrogen production process at this time. Its potential appears good,
at least for modest hydrogen production, through the photochemical diode.

10. PHOTOCHEMICAL HYDROGEN PRODUCTION

10.1 Introduction

Water is optically transparent to visible light, but wavelengths of
less than 200 nm are absorbed. Thus water can be split into hydrogen and
oxygen by exposure to ultraviolet (UV) light of the correct wavelength. A
continuum in the absorption spectrum of water from about 18b to 14b nm re-
sults in (65):

] H2° - w r s r H + 0H

and

H 2 ° 1 7 7 U n r n ' H 2
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The production of molecular hydrogen of the order of 6% of the primary pro-
cess (reaction [66]) has been suggested, but reaction [66] is less than 0.3%
of reaction [6b]. Thus, the quantum efficiency, that is, the number of
hydrogen molecules produced per quantum of light energy absorbed, is very
low. Ultraviolet light of 200 nm corresponds to about 6 eV per water
molecule, the theoretical energy efficiency is only b0% per photon absorbed
because only ~ 3 eV are required per molecule of H 2 formed. The practical
energy efficiency is, of course, much lower. Furthermore, at these short
wavelengths, sunlight cannot be considered a source of photons at the earth's
surface. Conventional photolysis of water to produce hydrogen thus is not
promising. However, two recent new concepts which hold some promise are
described below.

10.Z Photolysis of Water Using a Ruthenium Complex

Photo-induced electron transfer has been shown to be one of the most
efficient processes for converting optical energy into chemical energy (66).
Unfortunately, it has not been possible up to now to make use of this
reaction:

[67] H20 !^— H+ 0H-

because the hydrogen and hydroxyl ions reform to water very rapidly.

However, Witten and his colleagues (67) have succeeded in producing
hydrogen and oxygen from water by photochemical cleavage using a ruthenium
complex, t r i s (2,2'-bipyridine) ruthenium(II)++. They reacted this com-
plex with dioctadecyl or bis(dihydrochlolesteryl)esters to yield long-tailed
surfactant complexes insoluble in water. The complex with octadecyl " ta i l s "
is shown in Fig. 10.1. Hono^ayer films of this complex are formed when
di lute chloroform solutions of i t are spread on a water-air interface.

When glass slides coated with assemblies of the complex were imuersed
in water and irradiated through Pyrex glass with a 100 W mercury lamp, a
steady production of gas was observed. Chemical analysis confirmed the pro-
duction of hydrogen and oxygen.

While the details of the reaction nechanisms are not fu l ly understood,
the net reactions observed are:

[68] Ru-compl ex — Ru-cornpl ex*

[69] 2(Ru-coi;iplex)* + H20 H2 + O.b 02 + 2(Ru-cornplex)

where * denotes an excited state of the rutheniur.i complex. The ruthenium( I I )
complex is oxidized to the rutheniura(III) complex in transferring an electron
to the hydrogen ion, which is thus reduced to a hydrogen atom. Now the
oxidized complex reacts with the hydroxyl ion to form oxygen and i t is i t se l f
reduced to the ruthenium(ll) complex. These steps occur while the photo-
activated Ru-complex returns to the ground state. The hydrophobic " ta i l s "
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on the complex either assist in preventing the back reaction of reaction
[67], the so-called geminate recombination, or help to lower the barriers to
the electron transfer processes or both.

An important aspect of this process is the fact that the monolayer
bound complex has absorption maxima at 377 and 430 nm. Therefore, at least
in principle, this process can be driven by solar energy at the earth's sur-
face, while direct photolysis of water cannot. This is an important feature
which will undoubtedly give impetus for further research into these kinds of
complexes.

Disadvantages of this process include the necessity of separating the
product gases from each other and air, as well as the large specific surface
area required because of the dispersed solar energy.

10.3 Nuclear-Photochemical Water Splitting

A completely different approach to solving the major problems in
photolytic decomposition of water has been suggested by Eastlung and liough
(6b). They proposed the use of a nuclear "fusion torch" for producing UV
light for water splitting. Since it is known that water molecules are dis-
sociated into hydrogen and oxygen in the upper atmosphere by sunlight, the
same process might be achieved by using radiation from a controlled nuclear
fusion reactor. Reaction [66] might be driven with relatively reasonable
yields with quite intense UV light in a narrow band at 124 Mm. Thus, these
authors propose to generate such light with a plasma-leakage stream produced
by a nuclear fusion reactor. This light would then be transmitted into water
vapour.

The technological problems inherent in the plasma torch concept alone
are immense. However, the above example illustrates the extreme of the range
of possibilities for splitting water. It is also the only example given
which has not yet been demonstrated by man.

11. BIOLOGICAL HYDROGEN PRODUCTION

11.1 Introduction

The photoproduction of hydrogen by intact cells was first observed in
algae by Gaffron and Rubin in 1942 (69) and in photosynthetic bacteria by
Gest and Kamen in 1949 (70). The process itself is directly or indirectly
linked to the light dependent photosynthetic pathway. However, the solar
energy conversion efficiency of the process has always been relatively low.
This observation and the fact that hydrogen production is often sensitive to
oxygen inhibition have largely precluded the practical application of this
method. But the oil crisis in 1973 has greatly renewed the interest in
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biological hydrogen production systems and much has been accomplished in the
understanding of the fundamental processes (71).

11.L Biological H? Production by Intact Cells

The algae and bacteria of interest require an electron donor to
produce the hydrogen atom. Algae have the advantage that they may utilize
water as their electron donor while bacteria require an organic or inorganic
(other than water) electron donor (71), but algae usually require two light
driven reactions while bacteria may require only one. Both systems are shown
schematically in Fig. 11.1. Both hydrogenase and nitrogenase enzymes act as
catalysts for hydrogen production in algae but in many species oxygen deacti-
vates these catalysts. This problem is being investigated also for photo-
synthetic bacteria by several researchers (71) and attempts are being nadz to
find oxygen-insensitive forms of hydrogenase and nitrogenase.

11.3 Biological Hy Production by Cell-Free Systems

It is known that natural intact cell biochemical systems operate under
a network of checks and balances. This system helps to maintain organisms
within a state of homeostasis (equilibrium) which precludes excessive buildup
of any end product, such as hydrogen, and sets an upper limit to the rates of
hydrogen production as well as other biochemical reactions. One of the most
efficient ways of removing these restraints is to isolate the hydrogen pro-
ducing system from its cellular environment. Removal of cellular restraints
is expected to lead to higher solar energy conversion efficiencies (72), but
at the price of a more complicated process.

Several groups have initiated studies with cell-free systems (71).
During 1961-1963 Mitsui and co-workers (71) succeeded in constructing a
cell-free hydrogen photoproduction system consisting of chloroplasts of plant
leaves or lamella? of blue-green algae, methyl viologen or ferredoxin, and
bacterial hydrogenase. Cysteine or ascorbate has been the electron donor of
the system. Other more recent examples are given in Reference 71.

The main thrust of current research on cell-free systems, apart from
helping to elucidate the complicated sub-processes that occur in the course
of photosynthesis, is to increase the solar energy conversion efficiency;
the theoretical maximum is 30% but this is never observed in nature (71)
because of kinetic barriers and multipathways for the photo-excited electron.
The theoretical maximum solar energy conversion efficiency for intact cells
is 12% while observed agricultural efficiencies are of the order of 2.5%
(72).

11.4 Major Advantages and Disadvantages

The major advantages of photosynthetic hydrogen production are:

(a) the operating temperature is low (10-40°C),
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(b) the major requirements are solar energy and a
hydrogen donor, possibly salt water,

(c) it is a natural, non-polluting process, and
(d) the by-products have a potential value.

Advantage (d) deserves elaboration as it appears that by-product credits will
not only be feasible but essential for commercial viability. The multiple
by-products for intact marine cell processes are shown in Fig. 11.2 (72).
Among chemicals produced by algae are algal polysaccharides such as agar,
carrageenan and furcellaron from red algae and algin from brown algae. These
chemicals are in commercial use today as emulsifying agents, gelling agents,
stabilizers, suspension agents and thickeners (71).

The major disadvantages are the relatively low yields and the long
reaction times. Hydrogen production rates are typically in the range of
0.002 to 0.1 moles of H2 per gram of chlorophyll per day (71). However,
one marine blue-green algae strain, labelled Miami BG7, has exhibited light-
dependent production rates of 5.5 moles H2 per gram of chlorophyll per oay,
which represents about a 50-fold increase over the previous best. At this
rate, it has been estimated (71) that in southern Florida an algae pond
would require the dimensions 11 m x 11 m x O.b m (depth) to produce enough
hydrogen (11 Nm-Vday) tc meet domestic electricity requirements of 10U0
kWh/month. A blue-green algae pond of this size would fill the backyard in
most instances.

Another disadvantage is the requirement of nutrients for growing algae
or bacteria cultures (except in the marine environment). This disadvantage
can be overcome, however, by developing appropriate strains that feed on
organic or inorganic wastes. It is possible that treatment of waste streams
from many industrial processes could be done to a larger extent in the future
using microorganisms that are genetically and biochemically engineered for a
particular waste stream.

Whether anaerobic or aerobic* microorganisms are used, the hydrogen
produced, even if in a relatively pure form, presents a collection problem.

Good control of the environment, e.g. temperature, acidity or alka-
linity, salinity, nutrient levels, etc., is important in maximizing hydrogen
yields. On the laboratory scale, this control presents no problems but on a
large industrial scale, such control requirements may be expensive.

In conclusion, biological hydrogen production employing sunlight
cannot be considered a viable option at this time. The field is in its
infancy and breakthroughs are possible, particularly from the new science

An aerobic microorganism is one that lives on free oxygen from the air.
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of genetic engineering, but any method dependent on solar energy has a low
plant capacity factor and requires large areas per unit of hydroyen produc-
tion. The photosynthesis of hydrogen is therefore more likely to be impor-
tant in a multiple utilisation approach (see Fig. 11.2) and in treating in-
dustrial and municipal waste streams.

12. RAD1OLYTIC PRODUCTION OF HYDROGEN

12.1 Introduction

In principle, hydrogen can be produced from any hydrogen-containing
species upon exposure to ionizing radiation, for example, "V-rays, fission
fragments and neutrons. The yield is normally expressed by the "G" value,
defined as the number of atoms or molecules of a particular species which is
produced by the absorption of 100 eV (electronvolts) of radiation. For
hydrogen production in aqueous systems, including water itself, G values in
the range of 0.5-4 are observed (73), that is 0.5 to 4 hydrogen molecules are
produced as a final product per 10U eV of irradiation depending on experi-
mental conditions. This is equivalent to a water electrolyser operating at
200 V to 25 V, respectively. These voltages are more than an order of magni-
tude higher than that required for present commercial electrolysers, i.e. the
process is very inefficient in its use of energy. The main reason for the
relatively low yield is the fact that the species formed when a system is
exposed to ionizing radiation are highly reactive, which leads to significant
back reactions.

In spite of this drawback, the idea has been pursued as discussed
next.

12.2 Simultaneous Hydrogen and Steam Production With a Homogeneous
Nuclear Reactor

Nuclear engineers at the University of Michigan have proposed (74) the
use of an aqueous homogeneous nuclear reactor for the radiolytic production
of hydrogen and co-production of process steam. Core calculations for a
spherical reactor with uranium in the form of uranyl sulfate (UO2SO4) and
enriched to 93% in u"235 have been executed. The basic design is
similar to the Homogeneous Reactor Experiment-1 (1952-1954) of the Oak Ridge
National Laboratory (74). Light water serves as the blanket and 0.16 cm
thick stainless steel b.:rves to contain the core. Calculations were made for
core radii from 15 to 30 cm with the total radius of the reactor fixed at
80 cm. Hydrogen (and oxygen), would be produced radiolytically in both the
core itself and the light water blanket. The calculations assumed G(H2) =
1.0 for the core and 1.5 for the light water blanket.

For a 1000 MW(th)* plant, about 2.b x 105 Nm3 of H 2 per day
would be produced of which 7b"% would cone from the core (7b). Only 37 Mw or

* MW(th) = megawatt thermal
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3.7% of the thermal energy from the reactor is thus converted to hydrogen
energy (higher heating value). This value may be compared to the case where
a 1000 MW(th) reactor produces 300 MW(e) for electrolysis at 1.8 V (overall
electrolysis efficiency of 82%). In this case, 25% of the thermal energy
from the reactor is converted to hydrogen energy assuming an electrolysis
energy efficiency of 82%.

Both the core and the blanket solutions would contain radioactive
species so that these streams would require decontamination before the H2

and O2 could be separated.

12.3 Hydrogen Production By Carbon Dioxide Radiolysis

Radiolysis of COg has been proposed recently as a method for
production by the Japanese (76). The radiation chemical step is :

[70] C 0 2 — / W N - ^ C O + o.b 02

The cycle is closed by combining reaction [70] with the well known water-gas
shi f t reaction:

[14] CO + H » c a t > — _ co + \\

and as such represents a closed radiation-thermochemical cycle. Using f i s -
sion fragments, fast neutrons and gamma rays from in-p i le loop experiments
these authors (76) obtained experimental fci(CU) values of 4-b in the presence
of nitrogen dioxide, NOg. The maximum value of 5 was obtained at 0.1%
NO2 and represents an energy conversion efficiency of 14.7% (76). The
N02 inhibi ts the back reactions but appears not to be destroyed i t se l f .
Under the right conditions, then, G(02) approached G(CO) as required by
reaction [70] .

The CO and 02 products must be removed from the C02 feed when
their steady-state concentrations reach values of about 5% and 2.5% by vol-
ume. Decontamination of the product gases as well as this separation process
are disadvantages of this process.

When compared with water radiolysis, carbon dioxide radiolysis has the
advantage that the back reaction is easier to minimize (76).

In conclusion, i t does not appear that direct radiolysis of either
HgO or CO2 can become competitive processes for producing hydrogen. The
necessary radioactive decontamination plus gas-gas separations are l ikely to
be costly and the energy conversion efficiency is low.
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13. SUMMARY AND CONCLUSIONS

The hydrogen production methods discussed in this assessment are sum-
marized in Table 13.1. This table contains all basic methods for producing
hydrogen known to the author but is not inclusive as far as detailed pro-
cesses are concerned. For example, the process for producing hydrogen in
situ in a nuclear fusion reactor (77) has been omitted but radiolytic produc-
tion of hydrogen as a basic method has not.

The second and third columns of Table 13.1 contain some of the advan-
tages and disadvantages, respectively, of each method. Depending on the
point of view taken in a particular case, it is readily conceded that some
items could be switched in these columns. For example, the disadvantage
"Economic only on a large scale" may not be important at all or could even be
a requirement in a particular industrial hydrogen complex. Both of these
columns were created from the point-of-view of large potential hydrogen
requirements in the energy field (1). Similarly, CO2 rejection was also
treated as a disadvantage and yet, where large coal deposits exist, methods
with this disadvantage will be important. Methods not based on fossil
resources are generally compared with conventional electrolysis of water.

Comments regarding the present status of each hydrogen production
method are listed in column four of Table 13.1. The author's opinions about
the future prospects for each method dre listed in column five.

The status of the present hydrogen production methods ana general con-
clusions about new methods and processes for hydrogen production are listed
below:

1. In Canada and elsewhere steam reforming of natural gas
is the dominant process today for producing bulk
hydrogen because it is the cheapest process where natural
gas is available.

2. Partial oxidation of heavy oil is used commercially today
for bulk hydrogen production where natural gas is not a
competitor.

3. Coal gasification is a well-known technology for hydrogen
production but is not generally competitive today where
natural gas is available.

4. Electrolysis of water is a commercial process that, with a
few exceptions, supplies hydrogen (or oxygen) of very high
purity for a small speciality market. It is not competitive
today for bulk hydrogen production, except under special
circumstances.

5. Only four processes for primary hydrogen production are
commercially available at present, namely:
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Steam Reforming of Natural Gas,
Partial Oxidation of Heavy Oil,

(c) Coal Gasification, and
(d) Electrolysis of Water.

This situation is l ikely to prevail over the next
three to four decades.

6. Processes based on fossil resources wi l l become less
important in the future as these resources become
scarce. However, processes 2 and 3 of Table 13.1
wi l l l i ke ly continue to supply the major fraction
of bulk hydrogen in Canada, at least unt i l the turn
of the century (1).

7. Electrolysis of water, the only commercial process
not dependent on fossil resources, is expected to
become competitive for bulk hydrogen production
before the turn of the century (1).

8. Improvements in advanced alkaline electrolysis
technologies from current research and development
programs should produce water electrolysers with
electricity-to-hydrogen energy conversion eff iciencies
of about 90% for an overall heat-to-hydrogen energy
conversion efficiency of 27%, based on a 30% heat-to-
e lec t r ic i ty conversion efficiency.

9. Of the remaining twelve non-commercial hydrogen
production methods (see Table 13.1), six include
electrolysis for the hydrogen production step.

10. Processes based on sunlight suffer from an inherently
small plant capacity factor as well as a low energy
density. Probable plants would therefore be about
one to two orders of magnitude larger than
electrolysis plants.

11. Processes involving high temperature ( > 1000°C) face
materials problems that may be d i f f i cu l t to overcome
to meet the cr i ter ion of 20-year equipment l i f e of
present electrolysis plants.

12. Low (2OO-4OU°C) and medium (bOO-7OO°C) temperature
water vapour electrolysis have good prospects for
development to commercial size over the next two or
three decades because a water vapour electrolyser is
inherently reversible, i .e. i t can be operated in the
fuel cell mode as well .
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13. The concept of the photochemical diode has the best
prospects of the solar-based direct hydrogen
production processes.

14. Biological hydrogen production processes appear to
be promising for safe disposal of inorganic and
organic wastes.

lb . Processes for commercial hydrogen production on any
scale that show l i t t l e promise in the forseeable
future include direct thermal sp l i t t ing of water,
radiolyt ic processes, and processes based on nuclear
fusion.

The overall conclusions for large-scale hydrogen production are:

1. Present methods based on fossil resources wi l l
continue to be the dominant processes at least
unt i l the next century.

2. Electrolysis of water is the only non-fossil based
process that could be used for large-scale
hydrogen production by about the turn of the century.

3. All other methods cannot be considered as alternative
hydrogen production routes by about the turn of the
century for one or more of the following reasons:

(a) not economic,
(b) not s u f f i c i e n t l y developed t echn i ca l l y , and
(c) not su i tab le for large-scale product ic. i .

4. The primary reason for using and developing some of
these other processes is not hydrogen production bu t ,
for example, chlor ine production or po l lu t ion
c o n t r o l , e .g . the su l fu r dioxide depolarized
e lec t ro l ys i s process.
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TABLE 3.3.1

STATE-OF-THE-ART AND PROJECTED IMPROVEMENTS
IN ADVANCED WATER ELECTROLYSIS PARAMETERS

Parameter

1 . Single Cel l Voltage (V)

2. Current Density (kA/m2)

3. Operating Temperature (°C)

4. Proven Life (Years)

5. Electrolyte

6. Separator Material

7. Relative Capital Cost

8. Operating Pressure (MPa)

1980
State-of-
the-Art

1.9 to 2.0

1.25 to 2.5

70 to 85

20 to 40

KOH

Asbestos

2.5

0.1

Projected for
Canadian IEA
Program in 1981

1.64a

10

150

20

KOH
ASPEb

New Organic
Polymers

1

3

(a) 1.64 Volts corresponds to an energy efficiency of 90%

(b) ASPE = Alkaline Solid Polymer Electrolyte
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TABLE 3.4.1

ADVANTAGES AND DISADVANTAGES OF THE UNIPOLAR
(TANK TYPE) AND BIPOLAR (FILTER PRESS) ELECTROLYSER

TYPE

Unipolar Tank Type

Bipolar Filter
Press

1.
2.

3.

4.

b.
6.

7.

8.

1.

2.

3.

4.

5.

6.

ADVANTAGES

Simpler construction.
Negligible currents in
electrolyte.
No electrical contact
surfaces within the cell.
Easy to maintain electro-
lyte concentration.
High reliability.
Easy removal of individ-
ual cells for maintenance
and repai r.
Easy electrical isolation
of individual cells.
No forced circulation
of electrolyte required.

External bus bars not
required to connect in-
dividual cells.
Greater flexibility in
module size.
Relatively easy to design
for high pressure elec-
trolysis.
Smaller metallic ohmic
losses.
Modules alone require
smaller volume.
Specific electrolyte
inventory is lower.

1.

2.

3.

4.

5.

1.

2.

3.

4.

5.

DISADVANTAGES

Requires large copper
bus bars for intercell
connections.
Larger metallic ohmic
losses.
More difficult to
pressurize.
Energy efficiency tends
to be lower (cell
voltage higher).
Specific electrolyte
inventory is higher.

Greater sophistication
is required in design
and fabrication.
Requires forced circu-
lation of electrolyte
for both cooling and
maintaining electrolyte
concentration.
Shunt or stray
currents in electrolyte
generally larger.
More susceptible to
corrosion.
Higher capital costs.
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TABLE 3.4.2

LIST OF COMMERCIAL WATER
ELECTROLYSED MANUFACTURERS

1.

2.

3.

4 .

5.

6.

7.

8.

9.

10.

1 1 .

12.

COMPANY

Brown, Bover i & Cie

Constructors
John Brown (CJB)
Development, Ltd.

DeNora S.P.A.

General Electric Co.

Krebskosmo
(formerly Demag)

Lurgi Apparate-
Techni k GrnbH

Moritz Chemical
Engineering Co., Ltd.

Norsk Hydro A.S.

Pintsch Bamag A.G.

Teledyne Energy
Systems

The Electrolyser
Corp., Ltd.

The International
Electrolytic Plant
Co. Ltd.

TYPE

bipolar
alkaline

bipolar
alkaline

bipolar
alkal ine

bipolar

bipolar
alkaline

bipolar
alkaline

bipolar
alkaline

bipolar
alkaline

bipolar
alkaline

bipolar
alkaline

unipolar
alkaline

unipolar
alkaline

PRESSURE

Atmospher ic

Atmospher ic

Atmospher ic

0 . 4 - 3 MPa

Atmospher ic

3 MPa

Atmospher ic

Atmospher ic

Atmospher ic

0.7 MPa

Atmospher ic

Atmospher ic

STATUS

Mature Technology

Mature Technology

Mature Technology

Commercial P r o t o -
t y p e Stage
(50 kW-200 kW)

Mature Technology

Mature Technology

Mature Technology

Mature Technology

Mature Technology

Mature on smal 1
scale

Mature Technology

Mature Technology
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TABLE 3.4.3

LIST OF SOME LARGE COMMERCIAL
WATER ELECTROLYSIS PLANTS

1 .

2.

3.

4.

5.

6.

PLANT LOCATION

Aswan, Egypt

Nangal, India

Ryukan, Norway

Ghorn f jo rd , Norway

Cuzco, Peru

H u n t s v i l l e , Alabama

ELECTROLYSER
MANUFACTURER

Brown Bover i

DeNora

Norsk Hydro

Norsk Hydro

Lurgi

The Electrolyser
Corporation

CAPACITY
(Nm3H2/h)

33,000

30,000

27,900

27,100

4,500

535
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TABLE 5.1.1

ACTIVITIES ON THERMOCHEMICAL HYDROGEN
PRODUCTION CYCLES UP TO 1980

1.

2.

3.

4.

5.

6.

ACTIVITY

Thermodynamic Studies and
Calculations

Experimental Studies of
Chemical Reactions
(laboratory scale)

Flow-sheeting and al l
Related Calculations

Demonstration Circuits

Corrosion Tests

Economic Calculations

COMMENT

100's of possible themodynamic cycles have been
published, e.g. Reference 29.

Thermodynamic data were lacking in many cases.

Block-schemes are defined which include al l
intermediate steps such as chemical separations
and concentrations; i f possible the thermal
efficiency is calculated (both theoretical and
pract ical) .

These circui ts used mainly glass and quartz
apparatus and produced hydrogen in the order
of 100 L/h.

Preliminary corrosion information on candidate
materials is essential for the more corrosive
conditions, e.g. H2SO4 at ~1000 K.

Many uncertainties remain unt i l more pi lot plant
and ceraonstrati on plant data become availaole.
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TABLE b.1.2

CRITICAL PROBLEMS ASSOCIATED WITH SCALE-UP FROM
LABORATORY TO INDUSTRIAL PLANT OF THERMOCHEMICAL

HYDROGEN PRODUCTION CYCLES

PROBLEM COMMENT

1. Separation of Products,
e.g. liquids from liquids

2. Concentration of Solutions

3. Construction Materials

4- Investment Costs

Good separations are required both from the
chemical and economic point of view.

Diluted aqueous (or other) solutions require
large amounts of energy for their concentration
and will greatly affect the overall thermal
efficiency.

In some cases, available metallic materials are
not suitable. Expensive solutions must be
envisaged such as sophisticated materials and/or
design.

The flow sheets of these processes can be
complex leading to expensive plants. New,less
expensive designs are necessary for both heat
exchangers and chemical reactors.
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TABLE 5.3.1

THERMOCHEMICAL AND THERMOrELECTROCHEMICAL
CYCLES UNDER ACTIVE RESEARCH AND DEVELOPMENT

CYCLE NAME

1. Hybrid Su l f u r i c Acid

or Ispra Mark 11

2. Hybrid Su l f u r i c Acid-
Hydrogen bromide

or Ispra Mark 13

3. Su l fu r i c Acid- Iodine

or Ispra Mark 16

UNDER
RESEARCH AND DEVELOPMENT

BY

Westinghouse Res. Labs. ,
P i t tsburgh (USA)

Jo in t Research Centre (JRC)
Euratom Ispra ( I t a l y )

Jo in t Research Centre ( I t a l y )

General Atomic Co. (USA)
San Diego (USA)

Jo in t Research Centre
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TABLE 5 . 3 . 2

COMPARISON BETWEEN THE SO2-DEPOLARIZED SULFUR,C ACID
ELECTROLYSER AND THE UNIPOLAR ALKALINE WATER f.LECTROLYSER

PARAMETER

1 . Current Densi ty
(mA/cm2)

2. Ce l l Vol tage (V)

3. Operat ing Temp.

4 . Operat ing Press (MPa)

S02-DEP0LARISED
ELECTROLYSER

GOAL

200

0.6

100

2

STATUS

Achieved 0
0.77 V

Achieved @
< 1 0 0 mA/cm2

50

0.1

UNIPOLAR ALKALINE
H20 ELECTROLYSER

GOAL

320

1.74

80

0.1

[ STATUS

Achieved

Achieved

Achieved

Achieved

ITEM

1 . Sepa ra to r Type

2. Electrolyte
Circulation

3. Electrocatalysts
(anode & cathode)

4. Hydroqen Purity
(voU)

Membrane Required

Punps Required

Noble Metals Required

— 98.7
(SO2 and H2 impurities)

Separators are suff ic ient

Gas-l i ft circulation
suff icient

Non-Noble Metals suff icient

>99.5
(Og impurity)
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TABLE 7 . 1 . 1

CALCULATED* COMPOSITION OF DISSOCIATED
WATER VAPOUR AT O.I MPa

TEMP.
(K)

1OOO

2000

3000

3500

MOL FRACTION AT P = 0.1 MPa

H20

1.0000

0.98955

0.64372

0.23103

HO

2 - l l x l U"3

9.286x1O"2

0.14890

H

1.3x1 O"4

5.932x1O"2

0.26026

0

3x1 0"b

2.451x1 O"2

0.12043

H2

5.8x1 O"3

0.13349

0.18117

02

2. 39x1 O"3

4.611x1 O"2

0.05821

*Date from reference (46) .



TABLE 1 3 . 1

S U W K Y OF OLD, NEW WO POTENTIAL HYDROGEN PRODUCTION PROCESSES

PROCESS

1. Electrolysis

2. Steam teforming
of Natural Gas

SOME
ADVANTAGES

(a) Modular (easy t o scale)
(b) Independent o f Primary

Energy Source
(c) Only commercially

proven process not
based on f o s s i l r e -
sources

(d) Clean products ( H 2 ,
0 2 and OzO)

(e) Requires most a v a i l -
able energy fo rm,
electricity

(a) Technology is mature
(b) Environmentally

acceptable

SOME
DISADVANTAGES

(a) Low o v e r - a l l energy
efficiency

(b) Only modest econonics
of scale possible for
plants > 100 MW

(a) Economic only en large
scale (>100MW)

(b) By-product excess

PRESENT
STATUS

Only compet i t ive i n
special cases;
plant usual ly <5 MW

The dominant process
fo r large-scale p r o -
duct ion

FUTURE
PROSPECTS

Exce l l en t ; R&Dwi l l
increase energy e f -
f i c i e n c y based on
lab. results

Will become less im-
portant as natural
gas becomes expen-

3. Partial Oxidation
of Heavy Oil

(a) Technology is nature
(b) Environmentally

acceptable

steam must be sold
"over-the-fence"

(c) Seme CO2 is rejected

(a) More C02 is rejected
than in 2

(b) Econanic only on
large scale (> 100 M»l)

(c) Requires pure oxygen

Some 200 ccnmercial
plants (large scale)
have been bui l t world-
wide usually to sup-
port annania produc-
t ion

en
en

sive

Will become less im-
portant as o i l re-
sources becane ex-
pensive



TABLE 1 3 . 1

SUWIARY OF OLD, NEW AND POTENTIAL HYDROGEN PRODUCTION PROCESSES (CONT'D)

PROCESS

4 . Ooal
Gasification

5. Steam-Iron-Coal

6. Closed Thermo-
cheoical Cycles

(a) Pure

SO€
ADVANTAGES

(a) Old technology i s mature
(b) Scope f o r inproved t e c h -

nology
(c ) Coal reserves in c e r t a i n

count r ies are large

(a) Over-al l energy e f f i -
c iency i s >6Q£

(b) No CO s h i f t converter
is required

(c) Does not require pure
oxygen

(d) Produces by-product
electr ic i ty for sale

(a) Higher over-all energy
efficiency relative to 1

SOME
DISADVANTAGES

(a) Economic only on large
scale (> 100 MW) and at
mine-mouth

(b) Adequate water supplies
at mine-mouth may be
limit ing

(c) More C02 is rejected
than in 3

(d) Requires adequate pol-
lution control

(e) ftequires pure oxygen

(a) Erosion is a major
problem

(b) Economic only on large
scale (> 100 MW)

(c) C02 is rejected as in 4
(d) Requires adequate pol-

lution control

(a) Only economic on large
scale (>100MW)

(b) Requires a high tanper-
ature (> 10u0°C) source

(c) Materials problems of high
temperature step and of

PRESENT
STATUS

Improved technologies
are in p i lot plant or
danonstration plant
stage. Old technol-
ogy used where cheap
natural gas is not
available

Pilot plant data is
available

(a) Bench-scale tests
of components
mainly but of
whole cycles in
some cases in
glass and quartz

FUTURE
PROSPECTS

W i l l became impor-
tant in those
cowtries with large
reserves of coal,
through liquefaction
processes, when they
are fu l ly developed,
may provide s t i f f
competition for
available coal

May become an alter-
native to coal gasi-
f icat ion, especially
where co-generation
is important. Coal
liquefaction pro-
cesses may provide
s t i f f competition
for available coal.

Could becone signif-
icant in the 21st
century with appro-
priate breakthroughs
in materials R&D

the source must be solved



TABLE 13 .1

SUMWY OF OLD, l © l AND POTENTIAL HYDROGEN PRCOUCTION PROCESSES (CONT'O)

PROCESS

6. Closed Thenro-
chemical Cycles

(a) Pure (Cont 'd)

(b) Hybrid or
Thenmo-
Electro-
Chemical
Cycles

7. Open Electro-
chemical Cycles

SOME
ADVANTAGES

(a) Fewer process steps
may be required than
for 6(a)

(b) Some of the energy
required to spl i t
water is added as
heat

(c) Theoretical and prac-
t ical cell voltages
of electrochemical
steps are lower than
in 1

(a) High temperature step
is not required

(b) Tneoretical and prac-
t ical cell voltags is
lower than in 1

SCft
DISADVANTAGES

(d) Several process steps
involved in even the
simplest cycles

(e) Potential environmental
problems wi th some
cycles (e .g . mercury,
cadniun)

(a) Requires an e lec t ro l ys i s
ce l l w i t h a depolarized
arcxte and a hydrogen
cathode. This ce l l is
more complicated than a
water e lec t ro lyser

(b) Practical ce l l voltages
are 2 to 3 times higher
than theoret ica l but
s t i l l lower than i n 1

(c) See a lso (a ) , (b) and
(c) in this colum for
6(a)

(a) Requires an anode de-
polarized electrolysis
cell which is more com-
plicated than cell in 1

PRESENT
STATUS

(b) Same c y c l e s , e .g .
iron-chlorine
(see text ) , are
judged to be
uneconomic

Bench scale tests can-
pi ete or well under
way. Sere pi lot plant
work in progress, but
EEC work on Mark I I
cycle is suspended

Bench scale only

FUTURE
PROSPECTS

Poor in comparison
w i th s i t tp le water
electrolysis

Excellent prospects
for helping to solve
S02 emission prob-
lems from flue
stacks.



TABLE 1 3 . 1

SUW1ARY OF OLD, NEW AN) POTENTIAL HYDROGEN PRODUCTION PROCESSES (CONT'D)

PROCESS

7. Open E l e c t r o -
chemical Cvcles
(Oont'd)

8. Co-production
of H2 with
other Chemicals,
e.g. 0 2 and NaOH

9. Direct Thermal
Spl i t t ing of
Miter

SOf€
ADVANTAGES

(c) Could help solve the
SO2 emission problem
i f SO2 i s used as
anode depolar izer

(a) Other chemical(s) may
be more valuable than
H2

(b) Su i tab le f o r iTEdiun-
sca le H2 product ion

(c) H 2 production costs
are small

(a) Pb chan ica ls , ca ta lys ts
or electrocatalysts
required

sort
DISADVANTAGES

(b) Must process and depend
on a t least one more
feedstock, e . g . S0 2>
and one more product ,
e.g. H23\

(c) Requirement (b) above
may lead to sit ing
problems

(a) H2 prodjcticn is t ied
to market for other
chemical (s)

(b) Over-all process is
more complicated than
1

(a) Requires a very high
temperature (> 20OPC)
heat source

(b) Requires a separator
for both H, H2 and 0,
0 2 from reaction
mixture

PRESENT
STATUS

Most hydrogen c o -
produced in chloralkali
industry is now vented.
Other co-production
processes are being
investigated

University research
is mainly theoretical
to date

FUTURE
PROSPECTS

W i l l otherwise not
l i k e l y compete w i t h
simple water e l e c -
trolysis

Co-liberated H 2 wi l l
probably be used by
the producer in the
chloralkali indus-
t r y . Other co-pro-
duction processes
may become important
in the chemical
industry

wi l l remain a uni-
versity curiosity
for the foreseeable
future. Spin-off
potential fran ex-
perimental studies
is high

J
00

(c) Materials problems at
>2000°C nust be overcome



TABLE 1 3 . 1

SUWARY OF OLD, NEW AN) POTENTIAL HYDROGEN PRODUCTION PROCESSES (CONT'D)

PROCESS

10. Water Vapour
Electrolysis

11. Photo-
Electrolysis

sot
ADVANTAGES

(a) Over -a l l energy e f f i -
ciency is greater than
for 1 and can approach
practical values for
thermochamcal cycles

(b) No chemicals other
than steam are required

(c) Reaction may be rever-
sible using same cell

(a) Can uti l ize sunlight
directly

(b) Requires l i t t l e or no
additional electrical
energy

SOME
DISADVANTAGES

(a) Requires high temperature
(-v 1000°C) steam

(b) Materials problems at
(^ 1000°C) must be solved

(c) S:ale-up of unit cell is
more d i f f icu l t than in 1

(a) Photo-corrosion of
semiconductor electrodes

(b) Qjantim efficiency is
very low

(c) The current density is
very low

(d) Low capacity factor
(e) Facts (b), (c) and (d)

result in high capital
costs

PRESENT
STATUS

Bench-scale t e s t s
a t ^ 1000°C are con-
tinuing. R&D is in
progress for new
electrolytes suit-
able at 3OO-75O°C

Research in
universities inainly

FUTURE
PROSPECTS

Prospects f o r t he
present c e l l based
on zirconia elec-
trolytes are not
too encouraging
for large-scale H2
production. rt>w-
ever, the potential
for a 300-6OU°Ccell
with a new electro-
lyte is excellent.
This process could
displace 1 eventu-
al ly

Cannot be considered
a strong contender,
except perhaps in
special applica-
tions, e.g. extra
terrestrial or re-
mote locations.
Prospects for large-
scale production are
very poor relative
to 1



TABLE 13.1

SLWIARY OF OLD, f€W AMD POTENTIAL HYDROGEN PRODUCTION PROCESSES (CONT'D)

PROCESS

12. Photo-
chemical
Diode

13. Photolysis o f
Water w i t h

(a) Ruthenium
Cotrplex

(b) The Plasma
Torch

sat
ADVANTAGES

(a) Can u t i l i ze sunlight
directly

(b) Requires no additional
energy for H2 production

(c) Can be scaled up
(d) Effective cunent

density is acceptable

(a) Direct conversion to
solar energy to chemical

(b) Reaction rate is much
faster than in 12

(c) Has the potential for
scale-up similar to 11

(d) Inherently non-polluting

(a) Reaction rate is i n -
herently ^evf fast

(b) Conceptually small
specific space
requirement

SOE
DISADVANTAGES

(a) Low capaci ty fac to r
(b) Photo-corrosion o f

semiconductor
electrodes

(c) Quantum e f f i c i e n c y
i s low

(a) Requires noble metal
catalyst

(b) Capacity factor is
<50& i f solar driven

(c) Relatively large area
required per unit of
production

(d) Facts (a) , (b) and (c)
result in high capital
costs

(a) Materials and technical
problems associated
with plasmas

(b) Very low energy e f f i -
ciency

(c) Back reactions may be
a problem

PRESENT
STATUS

At the ear ly
university research
stage

Very early university
work. Breakthroughs
are needed and pos-
sible

The only process not
yet demonstrated by
ran

FUTURE
PROSPECTS

Has t h e best p r o s -
pects of the solar-
based direct H2 pro-
duction processes.
Has the potential
for scale-up to per-
haps mediun-scale
production

•

Has potential but g
mist compete with ,
the photochemical
diode

Poor but many break-
throughs are pos-
sible in the next
century



TABLE 1 3 . 1

S U W R Y OF OLD, NEW AM) POTENTIAL HYDROGEN PRODUCTION PROCESSES (CONT'D)

PROCESS

14. Biological
(Algae and
Bacteria)

15. Radiolytic

SCME
ADVANTAGES

(a) Aifcient temperature
process

(b) A natural non-pollut-
ing process

(c) Utilizes solar energy
directly or waste
heat

(d) Multiple utilization
of the organisms as
food, etc.

(a) Ionizing radiation can
produce H2 in prin-
ciple from any hydrogen
containing species

(b) With a homogeneous
nuclear reactor, the
plant is very conpact

SOME
DISADVANTAGES

(a) Relatively low yields
and long reaction
tires

(b) Organisms require
nutrients

(c) Hydrogen is d i f f icul t
to collect

(d) For maximim production
rate, environment mist
be carefully controlled

(e) Difficult to scale-up

(a) Ths over-all energy
efficiency is poor

(b) Requires separation
from other gaseous
products

(c) Radiation shielding
is required

(d) Requires removal of
radionuclides, e.g.
t r i t iun

PRESENT
STATUS

Research i n univer-
s i t i e s . Sore break-
throughs already
mads and more are
likely

tteinly conceptual
studies

FUTURE
PROSPECTS

tore breakthroughs
are needed f o r com-
mercial viabil i ty.
Has the potential
to treat inorganic
and organic wastes
for safe disposal.
Will not likely be
competitive for
large-scale H2 pro-
duction

Judged to be poor
relative to other
options. Break-
throughs in fusion
research could
change this
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F igu re 3 . 1 : Schematic diagram o f a l k a l i n e versus S o l i d Polymer E l e c t r o l y t e (SPE) water e l e c t r o l y s i s
s i n g e l c e l l .
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REVERSIBLE POTENTIAL = 1.190 V

Figure 3.3:

100 200 300 400 500
CURRENT DENSITY (mA/cm 2 )

The single cell voltage for a unipolar alkaline water
electrolyser operating at 70°C (Source: Reference 13),
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Figure 1 0 . 1 : Schematic d ia i ] ran of the ruthenium neta l ion complex which is capable of
l i b e r a t i n g hydroqen f r on water p h o t o c h e n i c a l l y . The Zig-Zaq l i nes
represent the lony octadecyl hydrophobic t d i l s (Source: Reference 66) .
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