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3 Hydrogen distribution and sterage

3.1 @aseousand liquid hydrogen

In the gassous gate, the most obvious method for distributing
hydrogen would gopear to be via pipdine. This has long been the
practice in Germany to supply hydrogen for chemica processes
More recently , other networks have been ingaled in Northern
France, the USA , South Korea, and Thaland The pipélining of
hydrogen as a universal energy vector isa more difficult propostion
dnce the distances would be much greater and the adlowable costs
much less Apart from the huge capita investment that would be
required , there are many technical difficulties, suichas () : ma
teridsproblems (e. g. , bligering, embrittlement and decarburizar
tion of meta9 may not adlow the use of natura-gasfadilities; ()
the small molecular sze of hydrogen renders it eadly diffusble ©
that it could escgpe through existing natura-gas pipes (but mix-
tures smilar to synthesds gas could be used in the interim) ; ()
the low volumetric energy densty of hydrogen means that , to de-
liver a given amount of energy , the flow rate must be about three
times greater than that for naturd gas, and therefore more energy
is required to move hydrogen; () over long distances, there will
a9 be a need to repressurize regularly , which will cause further
lossof energy.

To ome degree, pipdines themsdves would provide a storage
component. Large scale storage underground in natura or anthro-
pogenic cavities is o a posshility, e g. , in aquifers, limestone
caves, sdt domes, depleted oil and gasfidds, or abandoned mines
Inevitably, loca geology is the deciding factor in taking up this
storage option.

On a much smdler scde, conpressed hydrogen may be stored
in pressure vessels Sted cylinders are used for stationary storage at
pressuresof uyp to 80 MPa For portable and mobile goplications,
however, cylinder weight and volume must obvioudy be mini-
mized. There has been sme success with the develgpment of
lightweight vessdls composed of carborrfibre shells with auminium
liners that can withstand apressure of 55 M Pa and thereby provide
a hydrogen storage density of 3 to 4 MJ/ dn?®. This approaches the
2010 target (5.4 MJ/ dm3) st by the US FreedomCAR and Fud
Partnership for fuel-cdl vehicles, but isfar bdow the 2015 target
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(9.7 MJ/ dn®) . Incidentaly, the correpponding gravimetric tar-
gets (7.2 MJ/ kg and 10. 8 MJ/ kg) will be even more difficult to
reach. In this repect, liquid hydrogen would be more attractive;
its dendty is 850 times greater than that of the gassousform. Li-
quid hydrogen is routindy trangorted by road and by sea, but
about 30 % of the energy in the hydrogen is wasted in the liquefac
tion process, the cryogenic and filling-emptying equipment is both
complex and costly , and the boil-off rateis such that the liquid can
only be stored for afew days at most. Overdl , therefore, this sto-
rage option is not practical for most potentia goplications

3.2 Metal hydrides

Certain metas and dloys can repeatedy absorb and release hy-
drogen under moderate pressures and temperatures via the forma
tionof hydrides Heat must be removed during absorption of the
hydrogen, but has to be added to &fect dewption. This feature
provides a ssfe method of storage, i. e. , when the heat ourceisre
moved , the hydride ceases to expe hydrogen. The direction of the
hydrogen absorption-desorption process is determined by the pres
sureof the hydrogen gas If the pressure is above the equilibrium
vadue, then the hydride will be formed. Conversdy, below the
equilibrium pressure, hydrogen is rdeased and the metd/ dloy re-
turns to its origind state. The equilibrium pressure depends on
temperature; it increases with increasng temperature and vice ver-
sa. This rdationship is expressed by the van' t Hoff equation ,i.e. ,

InP=A H/ RT-AS/R (7)
where: P is the disociation pressure; A H is the change in en
thapy; Risthe gascongtant; T isthe abolute temperature;A S
isthe change in entropy. The value of A H can vary widely from
meta/ dloy to metd/dloy. By contrast, A S does not vary as
much. For a given metd hydride, the van' t Hoff plot of InP vs.
1/ Tisadraght lineand providesa usful illustration of the hydro-
gen absorption-dedrption characteristics

The disociation pressure curves for a number of metd hy-
drides are presented in Fg. 12. These plots show that hydrides can
be broadly classfied into three categories, namdy: high-tempera-
ture (HT) , mediumrtemperature (MT) and low-temperature
(LT) hydrides The L T category is the most ussful in that such
hydrides offer hydrogen storage closest to ambient termperature and
are therefore convenient for supplying fuel cels In this case, the
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required enthapy of hydrogen dedrption would be provided by the
waste heat from the fud cdl. Unfortunately , however , the maxi-
mum gravimetric storage of low-temperature hydrides ( <150 )
isquite low, typicaly 1 wt. % to 2 wt. %. (Note that wt. % is
the hydrogerrto-meta weight ratio , asapercentage, in the hydride
and the sysem weight is not included:1 wt. % = 1.42 MJ/ kg
based on the higher heating value for hydrogen.) Moreover , the
best HT hydrides (magnesumrbased hydrides, such as Mg NiH;, at
>300 ) offer a maximum storage of only 3.6 wt. % (5.1 MJ/
kg) . By contrast , hydrides have a relatively good theoretica volu
metric performance of 0. 1 kg/ dm® (6. 7 MJ/ dm®) . Obvioudy , the
magor research chalenges are to develop new dloying techniquesfor
L T hydrides that have increased gravimetric dendty.
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Fg. 12 Disociation pressuresof various meta hydrides
3.3 Chemical sorage

Hydrogen may d< be stored chemicaly in the form of ionic
sts that are composed of odium, duminium or boron, and hydro-
gen—the o-cdled complex hydrides . The aanates Na[ Al H, ]
and Na[AlHg] are the preferred reagents Therma decompostion
of Na[AlH,] takesplacein two steps, i.e. ,

3Na[AlHs] 7 Nag[AlHg] + 2Al +3H, (8)

Nag[AlHs]— 3NaH + Al + 3/ 2H, (9)

The reactions are reversble only at eevated temperatures and
pressures Thefirst step, at 50 100 , corregonds to the re-
lease of 3.7 wt. % hydrogen and the second s, at 130 180
to afurther 1. 9 wt. % hydrogen. Research has shown that , in the
presence of a titanium catayst , the temperaturesfor discharge and
recharge of hydrogen may be brought down to acceptable leves
Titaniumrcatadyzed Na[ AlH;] has thermodynamic properties that
are comparable with those of lowtemperature hydrides (e g. ,
LaNisHs and TiFeH) . By contrast, Nag[AlHg] requires higher
temperatures for hydrogen liberation.

Sodium borohydride, NaBH, ,is stable up to about 400  and
is therefore not suitable for providing hydrogen through a thermdac
tivation process It does reease hydrogen, however, on reaction
with water , i.e. ,

NaBH; + 2H,0——NaBO; + 4H, (10)

Thisis an irrevergble reaction, but has the advantege that
50 % of the hydrogen comesfrom the water. In effect , NaBH, acts
asd water-9litting’ agent. Based on the massof NaBH, , the hy-
drogen released is 21 wt. % —-a remarkably high output —but
in practice thisislowered to around 7 wt. % when the tota system
weight is taken into acoount. Severd of these sr-cdled’ chemicd
hydrides , e g., CaH,, LiAlH,, LiH, LiBH;, KH, MgH;,

NaH , are being evauated for their reactivity with water. One ap-
proach to preparing the storage medium isto mix the hydride with
light minerd oil and a digpersant to form an organic durry’ . The
oil ooats the hydride particles and thereby offers protection from
inadvertent contact with water , moderates the reaction rate of the
hydride with water when desred, and avoids therma runawgy.
The disadvantage of usng chemica hydridesis that the storage of
hydrogen is not rechargeable; the pent lution has to be returned
to a processing plant for regeneration of the hydride. This proce
dureis amilar to that proposed for zinc-air traction batteries

Organic liquids, such as cyclohexane or methanol , can serve as
chemica carriersof hydrogen. The gasis subsequently recovered by
cataytic decompostion.

Methanol is usualy manufactured from synthess gas [ reaction
(3)]. It istherefore unlikely that it would be manufactured from
dectrolytic hydrogen and then decomposed back to hydrogen for use
inafud cdl. Theoveral energy eficiency of such a cycle would be
very poor. Methanol derived from fosdl fud is, however , aprime
candidate for fud celsin portable gpplications (see below) .

3.4 Nanosgtructured materials

Condderable research is being carried out on materids that
have structura eements with dimensons in the nanoscale rarge.
The materias have high secific surfaceareas (m?/ g) . This at-
tribute can be attained either by fabricating smal particles or dus
ters where the surface to-volume ratio of each particleis high, or by
creating materials where the void surface area (pores) is high com-
pared with the amount of bulk sypport materid. It has been found
that carbon and boron nitride nanostructures, cathrates and metat
organic frameworks (Fig. 13) can gtore hydrogen in the molecular
gtate via weak molecular-surface interactions The phys orption of
hydrogen is consdered to be more dedrable than absmption in meta
hydrides (in which the hydrogen molecules are disociated into
atoms that bond with the lattice of the storage medium) asit would
moderate both the pressure and the tenperature required for the
regective uptake and reease of hydrogen.

Various types of gragphitic nanofibres have been investigated.
These are grown by the decompostion of hydrocarbons or carbon
monoxide over bi- and tri-meta catalysts of iron, nickd and oop-
per. The nanofibres consst of grgohene sheets digned in a st di-
rection (dictated by the choice of catalyst) and three digtinct struc-
tures may be produced: platdet, ribbon, and herringbone
(Fg. 13). The gtructures are flexible and can expand to accommo-
date the hydrogen. Carbon nanotubes are created by usng a laser
evgporation technique and are cylindrical or toroidd varieties of
fullerene (the generic term used to describe apure carbon molecule
that condstsof an enpty cage of sixty or more carbon atoms with
lengthsof up to about 1000 m. Each end is cgoped with haf a
gpherica fullerene molecule’ Snglewdled’” nanotubes are formed
by only one grgphite layer and have typica inner diameters of 0.7
to 3 nm! Multi-waled nanotubes conss of multiple, concentric,
graphite layers and show diameters of 30 to 50 nm Various pre-
treatments have been suggested to enhance the storage cagpacity ,
which may amount to several wt. % of hydrogen. Thereis, how-
ever , condderable controversy over thefindings because of the diffi-
culty in preparing homogeneous, wdl-defined, pure and repro-
ducible samples. Moreover , contrary to expectation, hydrogen
storage requires ether high pressure (> 10 MPa) or low temperar
ture (at least 100 ).
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Fig- 13 Schematic representations of (@) carbon ranoribres, (b)
snge crysa srusiure of ZnyO (1,4 benzene decarboxy-
late) 3 and (c) carbon nanmotubes, with eectron micro-
grgphsof a sngle and bundle of such nanotubes

4 Hydrogen utilization : fud cells

The redization of a hydrogen economy is linked irrevocably
with that of thefud cdl , which is an eectrochemical power source
of interest for gtationary , portable and mobile goplications Clearly ,
therefore, thefud cdl isa key agent for energy sustainability. The
device isthe converse of the dectrolyzer —it convertschemica free
energy into eectricity. Fud is oxidized at the negative dectrode
with the rdease of dectrons that pass through the externa circuit
and reduce oxygen at the podtive dectrode. Theflow of dectronsis
balanced by the ionic current (i. e. , the dectrical charge carried by
ions) in the dectrolyte. When hydrogen is the fud , the revershle
voltage under standard conditionsis1.229 V at 25 , just asfor
the dectrolyzer. On drawing current from the cel , however , the
voltage developed is much lower , typicdly 0.6 0.8V, asaresult
of eectrokinetic limitations at the eectrodes (often caled polariza-
tion' losses) , ohmic losses due to the resstance of the dectrolyte
and the current-carrying components, and the occurrence of dde
reactions (f. , Fig. 7) . Because these dfects are experienced by
each unit cdl , it is customary to build up the voltage by stacking
fue cdls in series, usng the same bipolar' plate-and-frame’ ar-
rangement that is employed for dectrolyzers The haf-cedl reactions
of the sx mgor typesof fued cdl are summarizedin Fig. 14. The

systems can be broadly categorized in termsof their tenperature of
operation, namely :

FHg. 14 Hectrochemica reactions occurring in different types of
fud cdl

() lowtemperature (50 150 ) : dkaline dectrolyte (AFC) ,

protorrexchange membrane (PEMFC) and direct methanol (DM-

FC) fud cdls; () medium-temperature (around 200 ) : phos

phoric acid fud cdl (PAFC) ; () high-temperature (600 1 000
) : molten carbonate (MCFC) and slid oxide (SOFC) fud

cdls Some operationd data on each type are given in Table 1.

The DM FC differsfrom the other five typesin usng a liquid
(methanol) rather than hydrogen asthefud. Thisisfar more con
venient to trangort and hande than a gas Unfortunatey, the
methanol molecule is much more difficult to activate than hydro-
gen, and this necesstates a higher loading of platinum in the nega-
tive dectrode. Other acohols, notably ethanol , have d < been ex
plored as potentid fuds and this hasled to the generic term direct
aoohol fud cdl (DAFC)’ , but comparatively little progress has yet
been made with these aternatives

The leve of purity of the hydrogen required by the remaining
five types of fud cdl becomesprogressvely less stringent given the
incread ng operationa temperature of the sysems Both AFC and
PEM FC units are poisoned by quite small quantities of sulfur and
carbon moroxide (e.g. , 10 2% CO) and therefore have to use
hydrogen of high purity. By contrast , the PAFC is omewhat more
tolerant to carbon monoxide, while the high-temperature desgns
(MCFC and SOFC) will accept carbon monoxide and a variety of

Table 1 Principa typesof fud cdl

- Hectrocatdyst i a -
Fue-cdl Bectrolyte Temperature Fud Effolaency Sat up
technology range/ Positive dectrode Negative dectrode I %HHV  time/ h
PAFC H3PO 150 220 Pt ted C Pt ted C Hz(low S, low CO, 35 45 1 4
s Stpportedon stpportedon tolerant to CO,)

AFC KOH 50 150 NiO, Ag, or AuPt i, sed , or Pt-Pd Pure H, 45 60 <0.1
PEMFC Polymer® 80 90 Pt supported on C Pt supported on C Pure H, 40 60 <0.1
DMFC H2S04 60 90 Pt supported on C Pt supported on C,Pt-Ru CH;OH 35 40 <0.1

. o . Sntered Ni-Cr H, ,variety of
MCF lymer®L 7 Lith N . 4 5 1
CFC Polymerli,COs 600 700 ithiated NiO and Ni-Al dloys hydrocarbon fuels (no ) > 00 0
. Ni- or Co-doped Impure H , variety
Sr-doped LaMnO
SOFC Oxygerrion conductor 700 1 000 P nO3 VSZ cermet of hydrocarkon fuels 45 55 15

a. Reported vaues of the eficiency of a given typeof fuel cel vary widdy and often no information is provided on whether the higher (HHV) or the lower
(LHV) heating vueis used. The valuesthat are taken here from the literature should be treated with caution as to their exact meaning and are Smply in-
cluded to provide an approximate comparion of the performance of the regpective systems;b. Proton-conducting polymer : perfluoro-sulfonic acid polymer.
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hydrocarbon fuels provided that they are free of sulfurcontaining
compounds Liquid fues that are comparativdy* dean’ (e g. ,li-
quefied petroleum gas, nagphtha, kerosene) may either be reformed
to hydrogen externaly or be reformed interndly within a high-tem-
peraturefue cel. Thelatter option consderably s mplifiesthe over-
dl plant desgn and reducesits cost. Solid fue's such as cod must ,
however , be processed externaly to hydrogen.

A variety of sub-systems and components are required for a
fud-cdl stack to function dfectively. The exact compostion of this
-cdled baanceof-plant’ depends on the type of fud cdl, the
available fud and its purity, and the dedred output of dectricity
and heat. Typicd auxiliary sub-systems are: () fud dearrup
procesor, e g. , for sufur remova; ( ) steam reformer/ shift
reactor for thefud ; () carbon dioxide sparator; () humidifi-
er; () fud and air ddivery units () power-conditioning equip-
ment, e g. , for inverting direct current (D.C.) to aternating
current (A.C.) and then trandormingit; ( ) heat- and water
management facilities; () overal sysem ocontrols Individua
components include fud storage tanks and pumps, compresors,
pressure regulators and control valves, fud and/ or ar pre heaters,
heat-exchangers and radiators, voltage regulators, motors, and
batteries

Sub-sysems () to () above involve the preparation of
pure hydrogen and may be remote from thefud cdl (or not needed
if pure, dectrolytic hydrogen is used) . Alternatively , they may be
integrd with the fud cdl , but this adds consderably to the com-
plexity , maintenance and cost of the ingdlation, as well as to its
dze and mass Heat and water management are particular problems
that have to be addressed in the engineering desgn. Often the ba
lanceof-plant may account for 60 % to 80 % of the tota ceita
cost. For thisreaon, thefue-cel system should have along opera
tiona life (about 25 years) in order to be economical. The modules
themsalves are required to last for 40 000 50 000 h for gtationary
gpplicationsand 3 000 5 000 h for trangortation duty. In the
cae of a smal vehide, such as a car, it is inpracticd on the
groundsof both sze and cost to accommodate orrboard reformers
(with the possble exception of a methanol reformer) and therefore
thefud supplied must be pure hydrogen. For larger vehicles, such
as buses or trucks, orrboard reforming of primary fudsis aposshility.
4.1 Sationary power

The phogphoric acid fud cell (PAFC) isthe most advanced for
moderately large stationary power units Thisfud cel typicdly has
eectrodes made from PTFE bonded platinum and carbon, and uses
hydrogen that is reformed externally from naturd gas The concen-
trated phogphoric acid dectrolyte alows the cdl to operate well
above the boiling point of water , which isalimitation on other acid
eectrolytes that require water for conductivity. Moreover , the high
operating temperature of around 200  enables the platinum dec
trocatalyst to tolerate up to 1 wt. % (10 2 %) of carbon monoxide
and this broadens the choice of fue. On the other hand, the use of
phogphoric acid requires the other components to resst corroson.
Turrrkey sysems are available commerciadly and severad hundred
PAFCs, each rated at 200 kW , have been ingdled at locations in
Ada (principaly Japan) , Europe, and the USA. These systems
supply combined heat and power to mgor building complexes such
as airports, hogitas, hotds, military facilities, office buildings,
and schools

Protorrexchange membrane fud cels (PEMFCs) are being

produced in a variety of szesfor stationary power gpplications The
technology is very reponsve to changes in dectrica load and the
gart-time is gopreciably faster than that of PAFCs (<0.1h vs. 1

4 h). The central component of a PEMC isthe so-caled memr-
brane dectrode assembly’ (MEA) , in which a sulfonated polymer
membrane (usualy , Nafion™) is sandwiched between the negative
and the podtive plates Both types of plate are made from carbon
cloth (or carbon paper) with very findy divided platinum as the
dectrocatayst. Aswel asproviding the basc mechanica structure
for the dectrode, the carbon substrate a < diffuses gas on to the
catayst. In common with other typesof fud cel , Sngle PEM cdls
can be stacked together, in series dectricdly, to form a module
with a higher voltage. Field trids have been conducted on 250 kW
PEM FC plants to evauate their suitability and performance as dis
tributed power generators for commercia and resdentia corr
sumers.

There are two highrtemperature fud cdls, namey, the
molten carbonate fued cel (MCFC) and the solid oxide fud cdl
(SOFC) ; both present difficult materids stience and technology
problems Molten akai carbonate at 600 700 isa most ag-
gressve medium and corroson problems are severe in thisfud cdl.
A further issue is the introduction of carbon dioxide and its control
inthear ssream snce thisgasis consumed at the postive eectrode
and trangerred to the negative. The SOFC operates at even higher
temperatures, in therange 700 1 000  asdictated by the com
postion of the lid oxide dectrolyte employed , but at least has no
liquid components to cause corrogon.

The high-temperature operation of the MCFC and the SOFC
sysems does, however , offer some advantages, namdy: ( ) re
moves the need for a precious meta dectrocatayst , which reduces
g ; ( ) dlowsthe reforming of fudsinternaly , which enables
the use of a variety of fues, smplifies the engineering (egecidly
heat balancing) , and reduces the capita cost; ( ) provides high
tolerance to carbon monoxide poioning. Desite the technica prob-
lems they pose, consderable research progress has been made, and
prototypes of both MCFC (300 kW 3 MW) and SOFC (100
250 kW) plants have been built and tested in several countries
Qven ther long gtart-up times (1 5 hand5 10 h, regectivdy)
and the dow regonse to changing power demands, the two tech
nologies are seen as baseload generators and as candidates for conr
bined heat and power { co-generation’) sysems The high opera
ting temperatures result in exhaust heat of good qudity that may be
used to drive steam or gas turbines
4.2 Portable power

Rechargeable batteries are well-suited to portable-power gppli-
cations where the energy requirement between rechargesis reative-
ly smal. In recent years, for example, lithiumrion batteries have
proved their worth in mobile communications (cdlular phones) and
in lgptop computers. With the advent of mobile broadband compu
ting, however , the next generation of portable dectronic equip-
ment will demand ever-greater amounts of stored energy , most
probably at levels that are well beyond the cgpabilities of batteries
For this reaon, attention is turning to so-caled’ micro fud cdls
that promise an energy- storage cgpability of over an order of magni-
tude greater than that of the best batteries, dbet with a lower
power output. It is therefore widdy thought that the first mgor
markets for fue cdls will be established in the fidd of portable
power.
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There has been a surge of interest in the development of units
that generate just a few watts to power a wide range of consumer
eectronics, aswdl asin larger cells (up to afew hundred watts
that are suitable for military equipment such as manrpack radios,
helmet- mounted image diglays, night-vison sghts, laser range
finders, and phigticated communications syssems At present ,
the direct methanol fud cdl (DMFC) is the preferred technology
because, as a liquid fud , methanol is more readily digpensed and
carried than hydrogen. Replacement of a gpent methanol cartridge
inamicro fud cdl will only take a few seconds By comparion,
rechargeable batteries require periods of hours to be replenished.
Furthermore, liquid methanol has a higher stored energy than hy-
drogen. Applications requiring higher power levels are stimulating
the development of hybrid fue-cel-battery combinations, in which
the battery provides the peak power when required and is recharged
by the fud cdl. The ultimate in miniaturization would be & nano
fud cdl’ on a micro-chip. Sdf-powered chips would give birth to a
new generation of sdf-sufficient devices such as remote senors that
oould telemeter datafrom the field back to a centrd station

Degite the above advantages of DM FCs for portable-power
applications (viz. , the ready availahility , low cost , ease of storage
and handling of methanol , and the high gecific energy of methanol
fud cdls compared with batteries) , there are A a number of
problems and chalenges in bringing the technology to market. In
brief , these are asfollows

Improved kinetics at the negative electrode. Research to date
hasfound that platinum-based eectrocatalysts are the only materias
that are able to activate methanol. Even then, the overal reaction
at the negative dectrode is duggish, particularly at low tempera
tures Thisis because the dectrochemica oxidation of methanol to
carbon dioxide is quite complex. Partid dectron trander resultsin
the formation of surfaceadorbed gecies on the eectrocatdyst
that , in turn, lower the activity for methanol oxidation. The main

poion’ islinearly-bonded carbon monoxide (Pt-CO) . Subsequent
reactions are thought to involve oxygen trander (from water) to
the Pt-CO gecies to produce carbon dioxide that desorbs from the
platinum surface, i. e. ,

Pt + HH O~ Pr-OHys+ H™ + e (11)

Pt-OHuys + Pt-COxs 2Pt + CO,+ H™ + € (12)

These reactionsoccur at a very dow rate on pure platinum and
this has resulted in a large research efort to find better eectrocata
lysts At present , platinum-ruthenium offers the best performance.

Higher temperature operation. Particular attention is being di-
rected towards improving the kinetics at the negative dectrode by
finding the means to dlow cdls to operate at higher temperatures
(e.g-,150 180 ). Thisessentialy requiresthe devdopment of
new membrane materias that have a higher resstance to dehydra
tion and can therefore operate with less humidification, or do not
require water to maintain their proton conductivity. Other esentia
attributes indude low permeability for methanol (see following dis
cusdon) , long-term therma and chemica stahility, high flexihili-
ty, and good mechanica strength.

Mass transport effects Protorrexchange membranes are per-
meable to both methanol and water. The crosover’ of methanal ,
which is caused by protonic drag and is smilar to the dectro-osmo-
tic drag of water , will result in aloss of cdl performance and efi-
ciency due to unproductive fuel consurmption by direct reaction with
oxygen at the postive dectrode. In addition, migration of water

across the membrane floods the postive dectrode and thus inhibits
the access of oxygen. Methanol crosover can be reduced to more
manageable levels by usng dilute agueous olutions of less than
10 % methanol by volume, but this will cause a decrease in power
densty. New membrane materiads and improved M EA desgns are
being investigated as more efective means to moderate the transer
of both methanol and water. Methanol crosover deactivates the
postive dectrode and this, together with the above mentioned poor
kinetics of methanol dectrooxidation at the negative dectrode, re-
quiresa DMFC to have at least ten times moreprecious meta eec
trocatayst than a PEM FC to achieve a conparable power output.

Micro fud cels will obvioudy have little direct inplication for
the international energy scene, athough they may impact upon it
indirectly, for example by powering senors and monitors Ther
rea sgnificance, however , isin getting developers to address the
generic and badc problems asociated with the DMFC, aswell asin
improving public awareness and acceptance of fue cdlsin general.
If micro fud cdls can be brought to a succesful slution then ex-
trapolation of DM FC technology to larger szes may prove possble.
4.3 Power for road trangportation

Conventiona interna-combustion-engined vehides (ICEVs)
are frequently desgned for power rather than for economy. The re-
sult isthat these vehicles have engines that are too large and i neffi-
cient for steady driving, in order to have power in reserve for acce
leration and overtaking. The way to avoid this profligate waste of
petroleum, and thereby to reduce vehice emisions which cause ur-
ban air pollution and add to the growing inventory of greenhouse
gases, is to divorce seady-state performance from acceleration by
having two separate energy sources, i. e. , onefor cruisng and one
for power. Accordingy, many automotive companies are putting
szeable eforts into the development of hybrid dectric vehicles
(HEVS that have dectrica or dectromechanica drivetrains Asa
conseguence, around 200 000 HEV s are presently being driven on
the world' s roads

The fue-cdl vehide (FCV) operating on hydrogen, most
probably with a PEMFC, is seen as the ultimate lution to their
creasng energy security and environmenta problems that are con-
fronting road trangortation. As discussed above, hydrogen can be
manuf actured from a wide range of primary feedstocks, even from
chegp cod of which the world has amost unlimited quantities Such
vehicles would release nationsfrom the costs andpolitical uncertain-
ties of importing petroleum.

The gppea of FCVsto manufacturersislessobvious At ther
present stage of development, PEMFC power systems are hugdy
more expensve than ICEs (up to 60 times greater per kW of power
produced) and the ability to reduce the costs to a conpetitive va ue
must be questionable. In addition, there are numerous technica
difficulties ill to be resolved before FCV s can become commercidly
viable. Above dl , there are the overriding problems of where to
manufacture the hydrogen, how to convey it to the vehidere
fueling dtes, and how to store it orrboard.

The dficiency of fud cdls (the fraction of the fud’ s energy
oonverted into usful output) isaw acritica issue Much is made
of thefact that fud celsare not heat engineslike ICEVs, 2 ther
dficiency is not limited by the Carnot cycle and therefore must be
high This reaoning promotes much interest and invesment in
fud-cdl technology. The thermodynamic { theoreticd’) eficien
cy , defined as the ratio of reaction free energy to enthapy, can be
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above 80 %. Neverthdess, dectrochemica kinetic theory says that
thisratio is an upper limit that isonly reached at equilibrium when
the current is zero. In practice, the eficiency must be smdler.

How much smaller is difficult to caculate and dgpends on numerous
kinetic and other parameters such as overpotentid and ohmic
losses, theoccurrence of sde reactions, fud loss via the dectrolyte
partia fud usage, and energy consumption by the auxiliary compo-
nents

When comparing different trangortation fuds, different mo-
tive-power units and different vehicles, it is essentid to peak of

well-to-wheds dficiency. This concept takesinto acoount: ()
al of the energy consumed in extracting the fossl fud from the
ground (e. g. , ail and gasfrom wels, coa from mines andin re-
fining and trangorting the fud to the service station; () the
combined eficiency at which the fud is combusted in the engine
and the resulting heat energy is trandormed to mechanica energy
at the wheds, with due regard to the friction loses in the drive
train. It is wdl known that ICEs are rather indficient (presently
20% 25%), at best) , whereas dectrochemica generators such as
fud cdls are substantidly more eficient (50 % 60 %, subject to
the current dendty). The dependence of fud-cdl performance on
current output is egpecidly important in vehicle gplications For
small vehidles, such as cars, where dze and ceita cost are at a
premium, it islikely that the fud cdl will operate at high current
dendty and, therefore, at rdatively low dficiency.

In comparing FCV's with HEV's, acocount has to be taken of
the energy losses incurred in manufacturing the hydrogen fud. If
the hydrogen is derived from fossl fuds, there are the losses in
chemically reforming the feedstock (natura gasor cod) ; whileif it
isproduced by eectrolyss there are the losses in generating and
transmitting the eectricity. The steam reforming of natura gas to
hydrogen on alarge sclleis 60 % 70 % efficient (say 65%). Itis
reanable to assume at least a further 10 % energy loss in com-
pressng the hydrogen, as wel as 10 % in trangorting it from the
centrdized steamrreformer to the vehideregudling depot. The
PEMFCis40% 60 % dficient eectrochemicaly (say 50 %) , but
alowances have a9 to be made for paradtic losses in the fuet-cdl
sysem (power for pumps, heaters, blowers, controllers, etc ) ,
and for energy lossesin the vehid€ sdectrica sysem (lossesinin
verdon to dternating current , in the tranformer , and the traction
motor) . In round figures, again, the collective losses in each /s
tem can be taken as 10 %. Thus, the wdl-to-wheds dficiency
from naturd gas to traction efort , via hydrogen, is caculated as
follows:
natura gas to distributed hydrogen: 0.65x0.9x%0.9 = 53 %
hydrogen to low-voltage D. C. dectricity: 0.50%0.9 = 45%
low voltage D. C. dectricity to tractive effort: 0.9 = 90 %
well-to-whed's ficiency (natural gas to tractive dfort) :
0.53x0.45%x0.9 = 21 %.

In other words, FCV's based on reformed natura gas have an
overdl eficiency that is close to that of the present high-perfor-
mance ICEV , namdy, 18 % 22 % when the energy losses in oil
recovery and refining (typicaly, 13 %) are taken into acoount. As
discussed above, however , FCVs would offer the benefit of zero
harmful emissons during driving.

What if the hydrogen is produced by eectrolyss rather than
directly from natura gas? Here the dtuation is even worse The
practica cdl voltage for the dectrolyssof water isaround 1. 47 V.
The voltageof a PEMFCliesin therangeof 0.75 0.60V , asde

‘

termined by the current densty. Thus, the dectrolyzer and fud
cdl combination is likdy to be 40% 50 % dficient at best (say
45 %) . Although thisis higher than for a high-performance auto-
mobile (20% 25 %) , as emphaszed by advocates of FCVs, the
lossesincurred in producing hydrogen from primary fuds have yet
to beinduded. The eéficiency of a conventiona power station liesin
the range of 30 %(cod or nudear) 55 % (combined-cyde gas tur-
bine) . The wel-to-wheds ficiency from primary fud to traction
dfort isthen:
cod or nuclear plant: 0.3%x0.45%x0.9%x0.9 = 11%
natural gasplant: 0.55%0.45%0.9%x0.9 = 20%
Note that in these two caculations, the 10 % energy loss in conr
presdng the hydrogen has been retained , while the 10 % lossin dis
tributing hydrogen has been replaced with a 10 % loss in the dec
tricity-supply system that would result from distribution, vottage
reduction ,and rectification operations

The above are only gpproximate calculations Neverthdess,
from the viewpoint of overal energy eficiency , the andyss clearly
shows that there is no incentive to replace interna-combustion enr
gineswith fue cdlsin road vehicle gplications

In the meantime, serious anayses have predicted that the effi-
ciency of the ICE is expected to improve rapidy through technolo-
gica innovation. The combination of such advances together with
converson to HEV drivetrainsispredicted to reduce fue consunp-
tion by two-thirds compared with the 1996 modd family car,
Fig. 15. On both energy eficiency and cost grounds, this gppears
to be a much more redistic gption than the introduction of fue-cdl
cars Hybrids are attractive to the automotive industry snce a
paradigm shift in technology is not required, and to the users be-
cause such vehicles are reaonably cost-competitive with converr
tiona automobiles and will deliver superior fud economy. Never-
theless, for HEV s to achieve degp penetration into road trangorta
tion markets, and thereby make a make a mgor contribution to the
saving of preciousoil and the reduction of carbon dioxide emissons,
a high-performance, low-cost battery must be deveoped. Thus,
this eectrochemical power ource isyet another key agent for ener-
gy sustainability.

3 8.46]- » 1996 car
Q
4 F
4.79} + Advanced spark ignition engine
g % 4.20 [ + Advanced compression engine
g & 332 + Hybrid spark ignition engine
<~ 3.20F * Hybrid spark ignition engine
Z 2.861 + Hybrid compression engine
2025 Technology

Fig. 15 Anticipated improvementsin ICE based cars

A HEV battery has to supply sgnificant amounts of dectrica
energy for on-board dectrica functions and, in severd of the dec
trica systems proposed for the new-generation vehicles, will have
to accommodate charge returned vid regenerative braking' as part
of the scheme to save fud. Under such duty , the battery will have
to operate continuoudy at a partial-state-of-charge (PSC) and ac-
cept charge at extremey high rates In addition, highrrate dis
charge is necessary for engine cranking, acceeration and hill
climbing (i. e ‘, power-asis’). Overdl , the battery is said to un-
dergo highrrate partia-state-of-charge duty , or more brifly HRP-
SC duty’ .

Present HEV s arefitted with Ni/ M H batteries; theseprovide
adequate performance but are expendve. Repid progress is being
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made with rechargeable lithium batteries, but again there will be a
cog pendty. Although the vave regulated lead-acid (VRLA) bat-
tery offersa more afordable option , it suffersprematurefailure urnr
der the HRPSOC duty demanded by HEVs Soecificdly, highrrate
discharge causes a compact layer of lead sulfate to form on the sur-
face of the negative plate and this* hard’ sulfate is difficult to
recharge. On the other hand, high-rate charge promotes the early
evolution of hydrogen and , therefore, reduces the charging eficien
cy of the plate. To overcome this problem, CSIRO has developed
the valve regulated UltraBattery. To explain the configuration and
operating principles of thisinnovative device, it isfirst necessary to
provide a brief review of supercapacitor technology.

Supercapacitors differ from conventiona dectrostatic and dec
trolytic cgpacitorsin that they store dectrostatic charge in the form
of ions, rather than eectrons, on the surfaces of materias with
high ecific areas (m?/ @) , see Fig. 16 (a) . In the' symmetric’
desgn, the dectrodes are usudly prepared as compactsof fingy-di-
vided , porous carbon , which provide a much greater charge densty
than ispossble with non-porous, planar eectrodes Supercapacitors
can store vastly more energy than conventiona cgpacitors and much
of the storage capacity is due to the charging and discharging of the
eectrica double'layersthat areformed at the eectrode | eectrolyte
interffaces The voltage is lower than for a conventiona cgacitor ,
while the time for charge, as wel as that for discharge, is longer
because ions move and reorientate more dowly than dectrons In
these regects, the supercepacitor begins to take on ome of the
characterigtics of a battery , dthough no dectrochemica reactions
are involved in the charge and the discharge processes The asynmr
metric’ dedgn of supercgpacitor movesone step closer to a battery ,
e Fig. 16 (b) . Here, an dectrode materiad with a large gedific
surface-area (e. g. , carbon) iscombined with & battery-like' ma
teria that can be reversbly oxidized and reduced over a wide poten-
tid range. The energy is stored both by ionic capacitance and by
surface (and near-surface) redox processes that occur during charge
and discharge. The latter are eectrochemica reactions (i.e. ,
faradaic processes) in which surface ions are reduced and oxidized
This enhances the amount of stored energy; the cgpacitance is
twice that of the symmetric counterpart , see Fg. 16. Moreover ,
because the ions are confined to surface layers, the redox reactions
are rapid and are fully reverable many thousands of times and this
makes for a long cycelife.

Fig- 16 Schematic of (a) symmetric supercapacitor and (b)
asymmetric sypercapacitor

The CSIRO vaveregulated UltraBattery combines a VRLA

battery with an asymmetric supercgpacitor into a sngle unit with-

out the need for extra dectronic control. The hybrid structure is

shown schematicaly in Fig. 17. A VRLA cdl , which hasone leadt

dioxide podtive plate and one gponge-lead negative plate, is comr
bined with an asymmetric supercapacitor , which is conposed of one
lead-dioxide podgtive plate and one carborrbased negative plate
(i.e. , acapacitor dectrode) . Ince the podtive platesin the VRLA
cdl and the asymmetric supercgpacitor have the same cormpostion,
they can be integrated into one unit by connecting interndly the car
pacitor dectrode and the VRLA negative plate in pardld. Both
these dectrodes now share the same podtive plate. With this de-
dsgn, the tota discharge or charge current of the combined negative
plate is composed of two components, namey, the cgpacitor cur-
rent and the VRLA negative-plate current. Accordingly, the ca
pacitor eectrode can now act as a buffer to share current with the
negative plate and thus prevent it from being discharged and
charged at high rates Prototype batteries have been constructed by
aleading battery manufacturer and are presently undergoing eval uar
tion in both laboratory and field trids

Fig-17 (a) Corfiguration of the CSIRO vave regulated UltraBat-

tery; (b) prototype battery
5 Concluding remar ks

By virtue of its physca and chemica properties, it is clear
that hydrogen has the potentid to occuypy a unique postion in the
future world energy scene. Not only could it become ultimatey a
universal means of conveying and storing energy —eecidly if
renewable energy is to become dominant —but d< an entirdy
nove fud with attributes that are quite distinct from those of other
fues Hydrogen is the obvious choice for a low-carbon economy in
that it would liberate no pollutants to the atmogphere and, when
coupled to carbon sequestration or derived from nonfossl primary
energy sources, no carbon dioxide to contribute to climate charge.
This study has attempted to show that the various technologies now
being advanced by dectrochemists are vita contributors to the rea-
ization of dean and secure globa energy.
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