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Abstract : There is mounting concern over the sustainability of globa energy supplies Among the key driversare: () globa
warming, ocean surface acidification and air pollution, which imply the need to control and reduce anthrgpogenic emissons of
greenhouse gases (egecialy carbon dioxide) , nitrogen oxides, sulfur oxides, unburnt hydrocarbons and fine partidles; () the
low estimated reservesof oil and natura gas; () the need for energy security adapted to each country , such as decreasng the de-
pendence on fossH ud imports (in particular , the vulnerability to volatile oil prices) from regions where there is politica or eco-
nomic ingtability; () the expected growth in world population with the ever-increasng apiration for an improved standard-of-
living for dl. Hydrogen is being promoted world-wide as a totd panaceafor energy problems Asa versatile carrier for storing and
trangporting energy from any one of a myriad of urces to an eectricity generator , it is argued that hydrogen will eventudly re-
place (or at least greatly reduce) the reliance onfossl fuels and thereby a0 avoid/ decrease emissonsof carbon dioxide Not unex-
pectedly , the building of & Hydrogen Economy’ presents great scientific and technological chalengesin the production, ddivery ,
storage , converson and end-use of thisenergy vector. In addition, there are many policy , regulatory , economic, financid , invest-
ment , environmenta and sfety questions to be addressed. Notwithstanding these obstacles, it isindeed plausble that hydrogen
will become increasngly deployed and will compete with traditional syssemsof energy storage and supply. Future rolesfor eectro-
chemica power ources —batteries, supercapacitors, photodectrochemica cells and fud cdls —en the pathway to universa
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energy sustainability in stationary , mobile-power and road trangortation gpplications are examined.

Key wor ds :power ources; energy ; sustainability ; hydrogen

1 Society and energy in transition

The masgtery of energy has aways been the key to a better
sandardof-living. The concept of energy is, however , difficult to
undersgand——it is an abstract quantity that manifests itsdf in
many forms, namely, chemica , dectricd , mechanica , radiant,
nuclear and therma energy. In an eectrica power sation, for
example, fosdl fud (chemical energy) is converted via seam to
mechanica energy and then, via an aternator , to eectrical energy.
In an eectric vehicle, a battery is used to convert chemica energy
into dectricd energy , which isthen converted to mechanica energy
by a motor. Thomas Young (1773 1829) , an Engish phydcigt ,
has provided us with the most astute definition’: energy is the abili-
ty to do work.’ It iscommonly understood that work’ meansthe

application of effort to acconplish atask and the rate at which work

isperformed is cdled power’ . Thus, machines consume energy ,
perform work ,and provide power. Further , the' eficiency’ of a
machine is a measure of itsperformance obtained from the ratio of
energy output to energy input. The dficiency must dways be less
than 100 % (which would imply perpetual motion) .

The first mgor source of energy to be exploited by humankind
waswood , which was burnt for heating and cooking. Power was
derived mainly from human and anima muscde (horses, oxen,
cames, etc. ) , from the wind (windmills and sailing ships) ,and
from water (watermills . Even with these limited resources, how-
ever , omeof the achievements were remarkable Condder , for in-
stance, the ancient pyramids of Egypt, the Great Wall of China,
and the great cathedrals of Europe.

As populations expanded and became urbanized , wood wasless
readily accessble and coa assumed greater importance for heating
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purposes Following the introduction of rotative sseam engines in
the 1780sthat herdded the dawn of the Industrid Revolution, cod
was used as the prime ource of energy for the production of me
chanical power. Steam engines propelled ships, railway locomotives
and traction engines,and a0 provided a universa means for gene
rating power in factories and on farms

Latein the 19th century, the interna combustion engine was
developed. Liquid petroleum was discovered —Ffirst in USA and
then across the world ——and was refined to provide fudsfor both
petrol and diessl engines With its greater eficiency and conve-
nience, this new technology soon replaced steam engines for most
gpplications Conseguently , in many oountries the use of cod de
cined (at least in percentage terms) , while that of petroleum grew
rapidly.

Snce the mid 20th century , naturd gasfidds have been dis
covered in abundance. Some of the gasis asociated with oil wells,
but isfound on itsown in other places  Where oil wdls are remote
from centresof population, the gas was initidly seen as a by-pro-
duct that had no commercid vaue and was therefore flared This
dtuation changed with the deveopment of technology for liquefying
natural gas,and conveying it to market by road or by sea in cryo-
genic tankers Thus, once conddered to be a waste product ass-
ciated with oil , natura gasis now regarded as a prime fud.

In summary , starting with wood (a form of biomass) ,
mankind has moved to fosdl fuds —Firs to cod, then to
petroleum and latterly to naturd gas ——to provide the energy
needed by society. Hectricity 9 is a ussful form of energy, but
thisis a secondary fud snce it manufactured from primary energy
ources In the mid 1950s, commercid nuclear power was added to
the range of primary energy ources

Increas ng concern is being expressed over the heavily reiance
of the world on fossl fuds (ood , oil , natura gas) as its maor
ources of energy for heating, mechanicd power and dectricity
generation. There isoverwhe ming evidence that the unfettered use
of such fues will not deiver’ energy sustanability’ . That is, it
will not maintain economic growth and culturd traditions whilst
proving energy security and environmenta protection.

1.1 Petroleum depletion

Most geologists and petroleum engineers are of the opinion
that the Earth’ s ultimate reserves of economically-recoverable
petroleum are in the region of 2000 hillion barrds, of which over
40 % has been used aready. Moreover , it is cdamed that 94 % of
al available oil has been discovered Some mgor oil-producing re-
gions (USA , North Sea) have passed their peak production rates
and many studies predict a decline in the globa production of crude
oil by as early as 2010, the sr-cdled’ Big Rollover’ (Fig.1). If
thisis not serious enough , an even more alarming fact isthat much
of the remaining conventiond’ oil (over 60 %) is concentrated in

just five Middle Eastern countries: Saudi Arabia, Iray, Kuwait,
United Arab Emirates,and Iran. New oilfie ds will probably be dis-
oovered, for instance in the countries of the former USSR and/ or
off the coast of West Africa, but are unlikdy to compare in dze
with those of the Middle East and will not sgnificantly change the
It is true that Alberta (Canada) and Venezuda
have, regectively , vagt reserves of* oil tars and heavy oil (bitu

overdl picture.

men) that can be mined and refined to petroleum. In principle,
both resources are sufficiently extensve to replace much of the con-
ventiond oil supply , dthough at a condderably higher cos —ot
only economicaly but a0 in termsof environmenta inpact.

Fg. 1 Predicted lifecydesof oil production

Between 1973 and 2002, the world consunption of oil in
creased by 40 % compared with 54 % for energy as a whole. This
was because natura gas and nuclear power took over many of the
dutiesformerly assgned to oil (e. g. , eectricity generation, gpace
heating of buildings) . Accordingly , the lower growth rate in oil
consumption has not reflected the much larger increase in demand
(90 %) from the trangortation sector over the same period. The
demand for petroleum will doubtless intendfy as the deveoping
countries apire to western-style mohility. Indeed, by 2030 there
could be a shortfdl that is equivaent in energy to 6 000 nuclear
reactors, Fg. 2. To bring future demand back into line with the
supplies available, afiveor terrfold increase in the price of a barrel
of oil iscertainly possble. It issdutary to recdl that at US 20,
the price until quite recently , a barrd of oil costs about the same as
alitre of whiskey —and the latter did not take geologicd ages to
mature ! Clearly oil was,and ill is, grosdy underva ued in terms of

its ussfulness to mankind and itsfinite reserves
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Fig.2 Predicted globd supply and demand for oil
1.2 Climate change
Of equd concern are the destructive efects of the growing le
vesof energy converson and usage on the Earth’ s biogphere.
Three facts seem incontrovertible: () the concentration of carbon
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dioxide in the atmoghere has risen steadily snce the Indusria
Revolution when fossl fuds started to be burnt in large quantities,
Fig-3a; ( ) carbon dioxideisd greenhouse gas that absorbsin-
frarred radiation reflected from the ground and prevents its escgpe
back into ace; ( ) the Earth’ sdimateischanging and general-
ly warming, Fig.3b. Most authorities link these three facts and
conclude that carbon dioxide derived from fossl fuesis largey re-
gongble for the observed change in cdimate. Moreover, small
changes can have a huge impact. For example, the Arctic Ice Cap
is rapidy disgppearing (Fig. 4) and thereby exposng vast quantities
of methane. Gven that methane is more than twenty times asin-
tense a greenhouse gas than carbon dioxide ,itslarge scde reease to
the atmoghere will exacerbate goba warming. Is our Fanet in

danger of going into therma runaway ?

Fig-3 (a) Atmosheric concentration of carbon dioxide from
1750 to 2000 (left axis) and globa annua emissons of
carbon (right axis) ; (b) globa nearsurface temperature

averaged over land and ocean, 1860 2000

Fg. 4 Shrinkage of summer Arctic ice cg snce 1979

1.3 Hydrogen : a newand sustainable energy vector ?

Fossl fues are laid down over geologica time and once used,
cannot be replaced on any redigtic timescade These fuds represent
the world’ s energy cepitd. By oontrast, many renewable
(sustainable) formsof energy , i. e. , those derived from wind, so-
lar or marine (tida , wave, ocean) ources, must be used as they
are produced; otherwise, they are wasted. Other’ renewables’
may have ome storage element asociated with them: biomass can
be stored for short periods, while hydro energy is contained in lakes

in mountainous regions or in reservoirs hed back by dams

Geothermal energy , like fossl fuds, is retained underground until
it isrequired. Renewables, which comprise the world' scurrent ac
ocount in energy, are widdy avalable. Neverthdess, the world
faces mgor problems in harnessing the resource ——many of the
formsof this energy are smal-scae, diffuse and ,asyet , smply not
cos-rcompetitive with fossl fuds Moreover , those that generate
dectricity directly have no storage component. Thus, there is
growing support for the introduction of hydrogen as new and uni-
versal vector for storing and conveying both norrrenewable and re-
newable typesof energy and d < as the ultimate norrpolluting fud.
Thispropodtion iscommonly known astheé Hydrogen Economy’ |,
Fig. 5. The counter propostion of increasng the deployment of nu-
clear power , which is not usudly regarded as renewable energy but
at least is carborrfree, is unpopular in many quarters because of
concernsover radioactive waste Some countries do , however , rely
on nuclear power to provide an gppreciable percentage of their do-
mestic dectricity requirements, e g. , France (78 %) , Sweden
(46 %) , Ukraine (45 %) ,and Korea (36 %) .

Hydrogen and dectricity, which is d a secondary form of
energy , are complementary : dectricity is used for a myriad of ap-
plications for which hydrogen is not suitable, whereas hydrogen,
unlike dectricity , has the attributes of being a fud and an energy
dore These two energy vectors are, in principle, inter-conver-
tible; dectricity may be used to generate hydrogen by the eectroly-
ss of water, while hydrogen may be converted to eectricity by
means of afud cdl. It should be noted, however , that thisdectro-
chemical deviceislessthan 100 % dficient  that thereisa sgnifi-
cant lossof useful energy in the inter-converson.

While theé Hydrogen Economy’ represents a visonary strate-
gy for our future energy security, its succesful implementation is
) the individua technica
seps must be connected by an infrastructure that provides seanr

subject to two mgor requirements: (

less, safe and environmentally-acceptable trandtions from produc
tion, to digtribution and storage and then to use; () hydrogen as
an energy carrier must be economicaly competitive.

The present statusof the functiona areas that would facilitate
such a radical change in globa energy supply and use is reviewed
briefly here and in afollowing (Dianchi ,No. 2 ,2006 ,April issue) paper.

2 Hydrogen production

2.1 Hydrogen from fossil fuds

The gasfication of coal istheoldest meansof obtaining hydro-
gen fromfosdl fuds When heated in arestricted sypply of ar , cod
undergoes pyrolyss to a mixture of hydrogen, methane and carbon
monoxide (typicaly, 50 %, 35 % and 8 %, repectively) , together
with cod tar and coke Alternatively , when heated cod is reacted
with steam the water-gas reaction’ occurs, i.e. ,
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FHg.5 A sustanablé

C+H, O~ CO+ H, ()

The water-gas reaction is highly endothermic (heat absorbing)
and thus soon ceases unless heat is sypplied. Conversdy, the com-
bustion of coa or cokein air is highly exothermic (heat evolving) .
It istherefore usud to pair off the two reactions © asto baance the
heat evolved with that absorbed. The two reactions may be con-
ducted consecutively in short bursts or, more usudly, smulta
neoudy by feeding a mixture of air and steam to the heated bed
The resulting gasisa mixture of carbon monoxide, hydrogen, car-
bon dioxide, and nitrogen. This may be upgraded in terms of hy-
drogen content by the' water-gas shift reaction’ . The gasis reac
ted with steam over a catays that converts carbon monoxide to
carbon dioxide and increases the amount of hydrogen, i.e. ,

CO + H,0——CO; + H, 2

The carbon dioxide can be removed by a variety of gas scrub-
bing techniques The process engineering of coal gadficationisquite
complex. Neverthdess, severa large-scale gadfierd have been de
veloped. Research is a9 being conducted on smilar technology for
the processng of biomass and organic waste.

The steam reforming of natura gasis the mogt eficient and
widdy used processfor making hydrogen. At present , it isa the
chegpedt route. The methane is reacted with steam and air over a
nicke-based catays , i. e.

CHs + H0—2——(C0 + 3H (3)
47 T2 Ni catdyst 2

The resulting product is known as synthess gas' (or* sym
gas ) because it may be used for the preparation of a range of conr

Hydrogen Economy’

mercid products that include hydrogen, ammonia, methanol ,and
variousorganic chemicals As with the gadfication of cod , steam
reforming can be combined with the watergas shift reaction [ reac
tion (2) , above] to increase the yield of hydrogen. Seam refor-
ming is very energy-intensve snce it operates at high temperature
(850 950 ) and high pressure (3.5 MPa). The thermd €ffi-
ciency can reach 60 % 70 %.

The third method for producing hydrogen is' partiad oxida
tion’ in which fud and oxygen are combined in proportions such
that the fud is converted into a mixture of hydrogen and carbon
monoxide. The amount of hydrogen isonly about 75 % of that pro-
duced by steam reforming (but of course, the content can be in
creased via the water-gas shift reaction) . Depending on the compo-
gtion of thefud and the required processng rate, the partial oxida
tion process is carried out either catdyticaly or norrcatayticaly.
The drawback to partid oxidation is that it requires the use of ex-
pensive oxygen (rather than ar, which would dilute the product
hydrogen with nitrogen) . In‘ autothermal reforming’ , the
exothermic reaction of partia oxidation is combined with endother-
mic steam reforming 0 that the gasfication process requires virtual-
ly no input of externa energy.

In Austrdia, the Commonwedth Scientific and Industrial Re
search Organisation (CSIRO) isinvestigating the possble us of -
lar energy , in the form of a lar furnace, to provide the heat re-
quired for the sseam reforming of natura gas and other methane

containing gases, €. g. , landfill and coa-bed methane. As the re-
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sulting syngas would contain a substantial amount of embodied lar
energy (up to 25 %) , lar-therma reforming offers the progects
of high therma eficiencies and greatly reduced emissonsof carbon
dioxide Moreover , the emissons would be in concentrated form
and thus would be more amenable to gas separation.

There are three badc dedgnsof slar furnace: () a smple
parabolic dish that focuses the sun' s rayson to a therma receiver
that is mounted above the dish at its foca point; ( ) parabolic
trough mirrors that track the sun asit crosses the sky and have re-
ceverslocated at their foci; () an array of thousands of indivi-
dud mirrors ( heliostats ) around a central receiver set on top of a
tall tower.
ming, CSIRO erected a solar dish of 48 curved mirrors (Fig. 6) but

To demongrate the feadhility of lar-therma refor-

is now exploring decentraized generation through the development
of more practica® mini’ verdons of the solar-tower gpproach [ de-
dgn ()] coupled to a smal steam reformer. Apart from the be
nefit of permitting the generation of hydrogen close to whereiit is
needed , this modular technology isless expensve than adish andis
more flexible in that it alows eader integration of additiona units
to meet any growth in demand. Obvioudy, the lar furnace canr
not function at night or during periodsin the day when thereis no
sunshine. Therefore, to maintain continuity of hydrogen supply to
the customer , this cdls for an adequate storage system or back-up

from a conventional steam reformer.

FHg. 6 CSIRO 2lar collector that , on aclear day , can concentrate

91 kWi of therma energy for the reforming of naturd gas

Whereas it islikedy that natural gaswill provide the earliest &-
fordable feedstock for hydrogen, today’ s costs are prohibitively
high for gpplications such as trangortation while petrol is still conr
paratively chegp. Moreover , the fact that processes based on the

use of fosdl fuds produce carbon dioxide in addition to hydrogen

agppears to be Hf-defeating on environmenta grounds Clearly,
their future will degpend on developing efficient means to sparate
this greenhouse gas and then sequester it , possbly in underground
chambers or by chemical loops Therefore, eforts are underway to
develop technology that will reduce both costs and emissons

Hydrogen can ds be produced by the direct thermocataytic
decompostion ( cracking’) of methane or other hydrocarbons
The energy requirement per mole of methane is in fact less than
that for steam reforming, dthough only hdf as much hydrogen is
produced, and the process is dmpler. In addition, a valuable by
product —elean lid carbon ——is produced, which obvioudy
can be captured and stored more eadly than gassous carbon dioxide
Thereis, however , the problem of progressve catalyst deactivation
through carbon buildtup; reactivation would result in unwanted
carbon dioxide emissons
2.2 Hydrogen from water

Water is the other huge storeroom of hydrogen. Breaking
down water to hydrogen a0 requires energy ——=electrica , chemi-
cd , heat or light or can be enployed.
2.2.1 Hectrolyss

Although dectrolyssis a mature technology , only a few per-
cent of world hydrogen isobtained by this method , and mostly asa
by-product of the chlor-akali process for the manufacture of chlo-
rine and dium hydroxide. Hectrolyssis extremey energy-inten-
sve —the fagter the generation of hydrogen, the greater is the
power required per kilogram produced. The practica operating
voltage exceeds the theoretical of revershle vdueof 1.229 V due
to ohmic losses in the dectrodes and eectrolyte, and to dectro-
chemical kinetics { overpotential’ ) losses at the eectrodes, Fig. 7.
Thus, dectrolyzers are most effective when gperating at low cur-
rent dengdties, i.e. , at low production rates Largescde units
usng dkdine dectrolyte typicaly run at 70 % to 75 % dficiency ,
while smaler systems with polymer dectrolytes reach 80 % to
85 %. Steam dectrolyzers, in which ome of the energy required to
lit water is supplied by heat , can achieve very high eficiencies

(over 90 %) but are presently not commercialy feashble.

Fig.- 7 Performance ( U-J) of abasc (unactivated) , unipolar eec-
trolyzer operating at 90

Condderation has a0 been given to operating fud cdlsin re
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verse as dectrolyzers  The dua-function sysem istermed & rege
nerative fud cdl’ . Such technology would save on weight and costs
compared with apower sysem that employs a separate fud cedl and
dectrolyzer. It would ad< offer the progect of usng renewable
energy (e. g. , oolar, wind, geotherma) to generate hydrogen that
would be stored in the same unit for subssquent production of eec
tricity. To date, however , rdiability problems with bif unctiona
eectrodes and eficiency limitations of the charge-discharge’ pro-
cess (ways have to be found to optimize the catayst for both pro-
ceses) have ddayed progresson these devices In summary , more
eficient eectrolyzers and practica regenerative fud cels should be
congdered as key dectrochemica agentsfor energy sustainability.

It should be noted for that many scientists now argue that the
most energeticaly favourable and economic gproach to the dec
trolytic production of hydrogen isto use dectricity derived from nu
dear fisdon. After dl, there would be no fugitive pollution (as
would be the case with dectricity generated in fosdl-fueled power
planty ——the radioactive waste is easly hedd captive. Cearly,
the time has come to rethink our reationship with the awesome
power of the atom. Further into the future, there is every hope
that initiatives such asthe Internationa Thermonuclear Experimen-
ta Reactor (I TER) programme will hasten the practica redization
of nuclear fuson, which is widdy acknowledged to be the ultimate
provider of sustanable energy.

2.2.2 Thermochemical production

It is a9 possble to decompose water to form hydrogen with-
out generating dectricity first. This would remove the need for an
dectrolyzer and avoid the problem of emissons For example, ther-
mal energy can be used vid thermochemical cycles . In each of the
leading processes, heat is used to deconpose sulf uric acid to oxygen
and sulfur dioxide. There are then severad possble cyces The
most promisng employsiodine to produce hydrogen iodide exot her-
micaly , which in turn disociates endothermically to hydrogen and
iodine and the cyde is then repeated , e. g.

800
Ho SO, —

0O, + 0, + H,O (4)

0, + I, +2H, 0~ 2HI + Hy SO, + heat (5)
450

2HI lo + Hy (6)

Eficiencies of around 40 % have been demonstrated in the |aborator
ry, but the processes are ill far from practical redization. Ther-
mochemica cycles are, however , obvious candidates for cowpling
with the waste heat from nuclear power plants
2.2.3 Photodectrolyss

Photoelectrolyssis one of three posible methods (v.i.) for
the direct production of hydrogen via the harnesing of ©lar radia
tion. Light isconverted to eectrica and chemica energy by usng a

semiconducting oxide, such as titanium dioxide (TiO;) , to absorb
photons, Fg.8. Those photons with energies that exceed the
band-gap generate eectron (€)-hole (h*) pairsthat become spa
rated by the dectricfidd. The holes are driven to the surface where
they oxidize water to oxygen, whilst the ectrons trave round the
externa circuit to reduce water to hydrogen at a meta counter eec
trode such as platinum. By virtue of its rdatively low cog, titar
nium dioxide is most attractive as aphotovoltaic materia. It does,
however , have a smewhat high band-gep energy ( 3.2 eV) and
therefore absorbs light energy in the ultraviolet rather than in the
opticd part of the gectrum. Accordingly, present eficiencies are
ony1% 2%, i.e. , wdl bdow the commercid target of 10 %.

To achieve improvementsin performance, research efortsare being
directed principaly towardsfinding a means to shift the pectra re-
gonske of titanium dioxide into the optical region through modificar
tion of band-gap and light-absorption properties, or to find suitable

aternative oxides

Fg. 8 Operating principles of a photoeectrochemica cel for hy-
drogen production

Unfortunately , materids with smaler band ggps are subject to
photocorroson. To acertain extent , the band gap problem encoun-
tered with photovoltaic materias can be overcome by means of a
subterfuge  This involves sgarating the optica-absorption and
charge-generating functions by coating titanium dioxide, for exam-
ple, with a dye that is cgpable of being photo-excited in the optica
gectrum and thereby acts as an eectrorrtranger reagent. The ope
rating principles of such a cdl - commonly known as a dye sens-
tized solar cdl —are shown in Fig. 9. The dye (D) , ater having
been excited (D *) by aphoton of light , trangersan dectron to the
conduction band of the titania { injection process ) , and itself be
comes oxidized (D) intheprocess The cel dectrolyte contains a
' redox mediator’ ,i.e. , a substance that can be oxidized and re
duced dectrochemicaly. Postive chargeistranderred from the dye
to the mediator (Meg) and the dye is returned to the reduced state
{ interception process ). The oxidized mediator (Myy) diff uses to
the podtive counter-dectrode, where it is reduced again by the
dectrons traveling around the externa circuit. The theoretica
maximum voltage that such a cdl can ddiver is the difference be
tween the redox potentid of the mediator and the Fermi level of the
semiconductor.  Such redbx cdls have demongrated sunlight-to-dectric-
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ty efidendesof 10 % in the laboratory ,but only 5% in thefidd.

The possble benedfits to be gained by usng a photodec
trochemica cdl in tandem with a dye senstized lar cdl , to absorb
complementary parts of the slar gectrum, are o being ex-
plored. A schematic of atandem cdl isshownin Fg. 10. Thefront
cdl absorbs high-energy ultraviolet and blue light in sunlight , while
longer wavelength light in the green-to-red region of the gectrum
pasesto, and is aborbed by, the dye-senstized lar cdl. This
boosts the energy of the dectronsthat are thenfed back to a hydro-
gen dectrode in the front cdl. With such an arrangement , overal
eficienciesof wp to 12 % have been reported. There are, in fact,
many different posshilities for photoeectrochemica cells and these
eectrochemica devices are attracting much scientific interest as key

agentsfor energy sustainability.

Fg. 9 Operating principlesof a dye sendtized titania solar cel

Fig. 10 Operating principles of a tandem photolectrochemica cedl
for enhanced hydrogen production

2.2.4 Biophotolyss

Photosynthessis the bads for amos al life on earth The
first step involves litting water into oxygen and hydrogen, and
then hydrogen is mixed with carbon dioxide and turned into carbo-
hydrates. There are, however , sme groupsof micro-algae that are
capable of rdeasng hydrogen. For example, green agae contain an
enzyme, hydrogenase, that manages the dark-to-light trangtion
which the micro-organism face daily; it catayzes the reduction of
protons by dectrons to form hydrogen. Biologicdly , however , the
system is not desgned for continuous operation. Thisis because the
enzyme is very senstive to oxygen and isonly syntheszed ater se
verd hours of dark preincubation under anaerobic conditions
Thus, with the production of oxygen by the algae &ter a short pe-

riod in sunlight , the rate of hydrogen evolution decreases To over-

come this, two-stage’ indirect biophotolyss' processes are being
investigated in which a photosynthetic carbon dioxide fixing stage
that generates oxygen is followed by a dark anaerobic fermenting
stage that produces hydrogen, Fg.11. Cdearly, fundamenta
molecular research into geneticaly-engineered micro-organisms, to-
gether with the technologica development of eficient and inexpen-
dve photobioreactor dedgns, hasto be undertaken before such light

harvesting can become a practica propostion.

Fig. 11 Schematic of a two-stage biophotolytic cdl for hydrogen
production

2.2.5 Thermolyss

The temperature required for breaking down water directly in-
to hydrogen and oxygen can be achieved by focusng the sun’ s rays
from alarge number (up to thousands) of individua mirrorson to a
thermal receiver mounted on top of a centra , tal* wlar tower’ .
The key stientific chalenges are to find catalysts that will reduce
the disociation tenperature ,and to provide an improved means for
sparating the gases © as to prevent recombination. Large scae
production in areas with poor road or rail linksis not practicd —
the hydrogen should be generated close to where it is needed

It has 9 been suggested that slar-thermd radiation could
facilitate and improve the photodectrochemicad deconpostion of
water by enabling the process to be conducted at high temperatures
and pressures Much of slar radiation liesin the infrared part of
the gpectrum and is of too low energy to be utilized in photoeec
trochemica reactions 90 that it iswasted Radiation received by the
lar tower would therefore be sparated into an infrared compo-
nent to heat pressurized water to at least 300 ,and into optica/
ultraviolet radiation to effect the water 9litting reaction. Thermo-
dynamic caculations suggest that the required energy is substantia-
ly reduced at high temperature and pressure and that it should be
posshle to reach overal eficiencies goproaching 20 % for the con-
verdon of lar energy to hydrogen. There is, however , a draw-
back in that regionsof the world where inlation is both high and
persstent are often those where water isin short sipply.

(To be continued)
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