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For non-specialists’ use and convenience, a list of
definitions of the most common electrochemical terms
concerning electrochemical energy sources has been taken from
Reference 7.

The topics discussed in this lecture, as well as in the
following one, can be framed into a clear chronological table
of the developments of electrochemistry which has been taken

from Reference 13.

1. Secondary Batteries (4,7)

A summary of the most desirable characteristics for cell
reactants and electrolytes is given in Slide 1.

Some perspective regarding the relative specific energies of
various electrochemical cells can be gained by studying Slide
2, which shows the theoretical specific energy of various
cells plotted versus the equivalent weights of the reactants.
The theoretical specific energy is defined as the Gibbs free
energy change for the overall cell reaction, divided by the
corresponding weights of the reactants: -AG/Zv M, =
nFE/Zv M., where v, is the number of moles of reactant r, M,
is the molecular weight of reactant r, n is the number of the
electrochemical equivalents involved in the cell reaction,
and E is the emf of the cell reaction. It is evident from
Slide 2 that higher theoretical specific energy values
correspond to cells with low - equivalent - weight reactants,
and with large electronegativity differences between the
reactants. The alkali metals are very attractive reactants
for the negative electrodes, and the chalcogens and halogens
(and some compounds containing them) are very attractive
reactants for the positive electrodes. Please note that most
of the high-specific energy couples involve reactants that

are incompatible with aqueous electrolytes.



How does one use the figure in Slide 2 in assessing the
specific energy that might be obtained from a cell of
practical design and construction? The following is a
reliable set of guidelines: multiply the theoretical specific
energy by 0.2-0.25 for cells with solid reactants, and by
0.15 for cells with an air electrode. These multipliers apply
for systems developed to provide reasonable cycle life, at a
minimum weight.

The theoretical specific energy of the lead acid battery can

be estimated starting with the overall reaction equation:
discharge
Pb + PbO, + 2 H,SO,4 2 2 PbSO, + 2 H,0.
charge
The weights of the species involved amount to 642.4 g, while

the exchanged electric charge is 2F = 53.61 Ah. Using the
standard emf 1.930 V, the theoretical specific energy is:
(53.61) (1.930)/0.6424 = 161 Wh/kg. In practice only one '
quarter of ‘this can be attained. To explain this great
difference between theory and practice the proportionate
weights of the different construction elements are compiled
in the upper figure of Slide 3. The scale on the left shows
the weights which are needed per kWh, while the reciprocal
numbers (Wh/kg) are plotted on the right.

The bottom block in this figure contains the overall reaction
equation, which leads to the above calculated value of 161
Wh/kg, which means that a weight of 6 kg would be able to
store 1 kWh. However, pure H,SO, is not an electrolyte; the
acid has to be diluted to achieve adequate conductivity.
Furthermore there must be some acid excess to Kkeep
conductivity even when the battery becomes discharged
completely. Therefore the pure electrochemical system
provided with the correct acid requires 11.5 kg/kWh.
Additional weight is caused by the fact that only a fraction
of the active material can be utilized. At extremely 1low

discharge rates mass utilization may be increased to about



70%, but at ordinary rates (in the order of magnitude of
hours), this figure drops to about 35%, reducing the
available specific energy to nearly 50 Wh/kg. The limited
mass utilization can be explained bearing in mind that
chemical reactions occur at the electrode. During discharge,
e.g., lead is dissolved at the negative electrode and lead
sulfate precipitated, while at the positive electrode PbO, is
reduced and dissolved Pb?' ions give rise to lead sulfate
precipitation. These reactions produce isolating layers on
the active material which prevent further discharge.
Furthermore dismantling of charged material by dishomogeneous
attack will reduce the electric contact between parts of the
active material and the grid, also restricting further
discharge. In addition to the facts discussed so far, much
extra weight is added by passive construction elements which
are unavoidable in the actual lead-acid cell. So the grids
supporting the active material and conducting the current
usually contribute for nearly as much weight as the active
material itself does. But the acidic environment and
corrosive potentials exclude the substitution by lightweight
metals. The same is true for the so-called top lead, i.e. the
conducting bars at the top of the plates and terminals.
Finally, the cell has to have a jar which (as well as the

isolating separators between the plates) does increase the

weight. Therefore, in pratice, even cells for electric
vehicles, which are developed especially for low weight,
deliver less than 40 Wh/kg and little margin is left for
further increase.

The lower figure in Slide 3 shows the weight analysis of a
typical starter battery (SLI stands for starting, lighting,
ignition).

Grid design (Slide 4) is meant to suit a number of parameters
(e.g. weight, corrosion resistance, strength, and current

distribution) which are important in different ways for



different battery applications. Since the melting point of
lead is low (327 °C), most grids are formed by melting and
casting; some lighter varieties are now manufactured using a
stretching process (see in Slide 5 a process developed by
Magneti Marelli) which produces expanded metal perforated
sheets. Grids are designed to ensure a 1low internal
resistance for the cell and to minimize shedding of active
material on cycling. Shedding causes loss of capacity, and
dislodged material can accumulate on the battery case floor
where it can give rise to short circuits between positive and
negative plates. Small additions of tin are made to the lead
to improve its coating properties, while antimony, calcium or
selenium are added to form alloys with better stress
resistance. Lead-antimony was the first alloy used and still
remains the most popular one. Antimony (1.5-8%) greatly
improves the mechanical properties of grids and connector
bars, but it also increases their electrical resistance,
accelerates the self-discharge of the cell, and reduces cycle
efficiency. Lead-calcium grids (manufactured using the new
process shown in Slide 5) exhibit superior performance in
many ways.

The main component of the paste used to fill the grid is
known as lead dust, and consists of a carefully milled
mixture of metallic lead and lead oxides. Water and sulfuric
acid are added in predetermined sequence, together with minor
components and strengthening fibres, and the resulting slurry
is loaded onto the grids and “cured" or dried to produce a
crack-free plate, with good adherence to the grid. The active
material is later converted to the fully charged condition by
the forming process.

Plates are éésembled into parallel groups or stacks (usually
with one extra negative plate), which are then interleaved,
with separators, retainers and spacers inserted (Slide 4). In

a battery containing more than one cell group series



connections must also be made. In modern SLI batteries such
connections are made within the battery case using through-
partition ties, thus saving lead and reducing the internal
resistance and weight of the battery (Slide 4).

In Slide 6 the assembly of the type of cell used in a
traction battery is shown: the multi-tubular positive plates
give the cell high specific energy and capacity and assure a
long cycle life. Tubular plates (also known as "armoured" or
"clad" plates) consist of a row of tubes containing axial
lead rods surrounded by active material. The tubes (which
generally have a circular cross-section) are made of fabrics
such as terylene or glass fibre or of perforated synthetic
insulators which are permeable to the electrolyte. Tubular
plates are strong enough to withstand continuous vibration
and are resistant to shedding. They are also able to sustain
many deep discharges without loss of integrity.

A new generation of lead acid batteries characterized by a
sealed configuration is being developed, 1i.e. the valve
regulated lead acid (VRLA) batteries. They are spill-proof as
the acid is immobilized either by gelling or by absorption
into a microporous glass fibre separator. The recombination
technology eliminates the danger of excessive hydrogen
evolution and the need for water additions. Therefore, this
type of 1lead acid battery presents very interesting
properties, such as emission- and maintenance-free and easier
installation without dedicated housing.

Slide 7 (left) illustrates a cell configuration proposed for
the sodium-sulfur battery (a new type of battery technology
at the pre-series status). The cell operates at a temperature
> 300°C where both the metallic-sodium anode and the sodium
polysulfide"NaxS of the cathode  (which is formed during
discharge) are molten. A molten Na,S is capable of accepting
a large concentration of sodium and diffusion into the melt

is rapid enough. The solid electrolyte is a Na'-ion conductor



(beta-alumina; see Slide 7, right), and extraction of the Na*
ions as Na into the Na,S cathode, which is also an electronic
insulator, requires the supply of electrons from a carbon
felt attached to a corrosion-resistant metal rod. A completed
cell should, of course, be sealed with a cap material
matching the thermal expansion of the solid electrolyte. In
operation, temperature cycling through the melting
temperatures of the electrodes should not break the seals or
crack the large-area, thin electrolytes.

Special attention has also been given to the zinc-air
battery. A number of attempts to build a sample device by
coupling a zinc electrode with a fuel cell air electrode (see
below) have been made, but the problems of the air electrode
(considerable polarization losses) are combined to those of
recharging the zinc electrode (concerning the morphology and
distribution of electrodeposited zinc). Another serious.
problem is the carbonation of the alkaline electrolyte. In
some cases, the replacement of the zinc electrode has been
practiced as a means of "‘mechanically" recharging the
battery. The advantages of this are that the zinc electrode
is not recharged in-situ, and thus does not suffer from
dentrite formation, shape change (zinc redistribution), etc.
In addition, the air electrode is not required to operate as
an anode, thus providing for a greatly extended life
(operation during recharge tends to cause damage to the air
electrode structures and electrocatalysts, rendering them
less active for oxygen reduction). This system is being
developed, among others, by Edison Termoelettrica (Slide 8).
Some candidate energy sources for electric vehicles are shown
in Slide 9. In reviewing the status of the individual
candidate gystems, it becomes <clear that meeting the
performance, durability, and cost goals simultaneously
represents a difficult but very important challenge. Each

system reviewed has its own strong points and deficiencies.



2. Power and Energy Requirements for Electric Vehicles (4,5)

In order to devise appropriate batteries for electric
vehicles, it is necessary to know the power and energy
requirements of the vehicle. These can be computed in a
straightforward manner from the equations of motion of the
vehicle, and typical driving profiles (velocity vs. time).
The equations of motion are reported in Slide 10.

Several driving profiles are presented in Slide 11 on the
left. These were used in conjunction with the equations above
to yield the power profiles shown in Slide 11 on the right,
for a vehicle mass of about 1700 kg. It has been found that
the energy consumption per unit distance, per unit vehicle
mass is not very sensitive to the details of the driving
profile, so that the results of the many computations can be
summarized in the simple form of Slide 12. A convenient set
of numbers for battery design use is an energy consumption of
0.15 kWh/T km, or 0.15 Wh/kg km, and a power of 35 kW/T for
acceleration (still referring to unit vehicle mass).

For a good vehicle design, a maximum of 30% of the vehicle
mass may be assigned to the battery. This allows an estimate
of the vehicle range to be made, if the specific energy of

the battery is known. Conversely, for a desired vehicle

range, the required specific energy of the battery can be .

calculated (Slide 13). For a vehicle range of 150 km, and

f,, = 0.3, the specific energy of the battery must be 75
Wh/kg. Any battery with a lower specific energy cannot
achieve a 150 km range in a well-designed electric vehicle.
This is the major problem for battery development.

As a conclusion, when the performance and range needs for
electric automobiles are taken into consideration, it is
clear that a power source capable of providing more than 100
W/kg acceleration power, and more than 70 Wh/kg energy
storage capability is necessary if a range of 150 km is to be



achieved.

A simple but useful reflection of the relationship between
the specific energy (Wh/kg) and the specific power (W/kg) of
various batteries is shown in Slides 14,15, and 16. The lines
curve toward lower specific energies at higher specific
powers for a number of reasons, including higher voltage
losses (resistive and other) at higher power levels and lower
active material utilizations at higher power levels. Design
improvements to make these curves more nearly vertical
usually add weight, and cause the low specific power ends of
the curves to shift to the left.

The specific power required for reasonable acceleration is
shown as 120 W/kg in Slide 14. All candidate batteries must

have this capability for 10-20 s for each major acceleration,

over most of the capacity of the battery (0 to 75-80% depth |

of discharge) and over most of its range of operating
temperatures.

In the figures shown in Slides 15 and 16 an overlaid grid
marks the projected range an electric automobile of a given
weight could travel at certain speeds. For example the upper
figure in Slide 16 shows that a commercially available lead-
acid battery has a capacity of 40 Wh/kg at the 2 W/kg level
(corresponding to the 20 hours discharge rate) but indicates
a drop to 10 Wh/kg when the power demand rises to about 40
W/kg. At the same time, this means that a car travelling at
80 km/h would only have a range of 20 km, very marginal, thus
reflecting the real situation of todays electric automobile
technology, not counting battery and car improvements which
are only in the research and early development stage. Of
course, for the moderate requirements of fleet vehicles
(postal vans, delivery trucks) not exceeding 50 km/h the
range becomes 80 km, which is definitely useful in the city,
relieving environmental problemns.

Variation of specific power with specific energy for fuel



cells (see Slides 15 and 16) shows the similarity of fuel
cells (see below) to a heat engine rather than a battery. In
batteries, at least one of the reactants is stored within
each cell, and the specific energy of the system tends to be
a performance-limiting factor. 1In fuel cells, neither
reactant (fuel or oxygen from air) is stored in the cell, and
the specific power of the system tends to be a performance-
limiting factor. Hence, it appears necessary to hybridize a
fuel cell with a battery for vehicular applications.

Slides 17 and 18 show the performance characteristics of a
passenger automobile, a postal service vehicle and a
commercial van developed as a demonstration of technology.
For comparison’s sake, the performance characteristics of an
internal-combustion engine automobile are listed in Slide 19.
As far as environmental and energy utilization issues are
concerned, the electric vehicle must be considered as a total
system which includes the primary energy source, electric
power generating plant, and the distribution network of
electrical power, as shown in the upper figure in Slide 20.
In comparison, the combustion engine vehicle must also be
considered as a total system which includes the primary
energy source, a chemical fuel processing plant, and a fuel
distribution network, as shown in the lower figure in Slide
20. These two vehicle systems are very similar in many
aspects but also have a very distinct and important
difference. Both systems include a Carnot-limited energy
conversion step which is the efficiency-limiting step in the
total process and is also the step in the process where there
is direct interaction with the air and/or water environment.
In the case of the electric vehicle system, this conversion
step is carried out in a relatively small number of large
stationary equipment installations as contrasted to being
carried out at the point of vehicle usage in million of

small, mobile combustion engines. Although this might appear
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to be a rather subtile difference, it is a particularly
important aspect of the environmental issues related to
electric vehicles.

A significant expression of the interest of the electric boat
for assuring the environment friendly mobility on water is
the initiative of the development of an electric water-bus

for public service in Venice, or an "electric vaporetto". The

jnitiative started in 1989 and was based on a cooperation
between ACTV (the Public Transport Authority of Venice),
CETENA (the Centro Studi Tecnica Navale), ENEL (for energy
supply and technical support), Alutecna (for the development
of the frame in 1light weight alloy), Ansaldo (for the
electric propulsion system), and Magneti Marelli (for the
battery). The "electric vaporetto", after a long trial is
presently in service. The appreciated achievements are the
absence of emission, the reduction of noise and vibrations,
with the consequence of passenger comfort, and the reduction
of waves, which can damage the structures. The main
characteristics and the layout of the water-bus are shown in
Slide 21. The daily service of the electric water-bus is
performed by making use of the battery interim recharging.
Slide 22 shows the resulting state of charge of the battery
during the daily mission. This procedure, beside the direct
effect of extending the range according to the mission
requirements, is also beneficial for the battery 1life,
insofar it avoids deep discharge. In a new demonstration
programme the "electric vaporetto" should be hybridized with

a Diesel engine.
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3. Fuel Cells (4,5)

A typical fuel cell power plant consists of three units
(Slide 23): fuel processor (or conditioner), fuel cell, and
power conditioner. These units are essentially modular in
nature and can be connected in parallel or in series to meet
additional power demands.

Fuel cell power-generation systems, grouped into four
distinct classes differentiated by the electrolyte used in
the fuel cells, are (1) acid type, including phosphoric acid
(first generation), sulfuric acid, and solid polymer
electrolyte; (2) alkaline type; (3) molten carbonate type
(second generation); and (4) solid electrolyte type (third
generation). (See Slide 24).

Hydrogen-oxygen fuel cells employ porous das diffusion

electrodes (Slide 25), which constitute the essential

components of such electrochemical energy conversion devices
(by such electrodes, not only activation overpotential but
also concentration overpotential is decreased significantly).
As a matter of fact, gases have very 1low solubility in
electrolytes. Consequently, to achieve practical current
densities (at least 200 mA/cmz), it has been necessary to use
porous electrodes with the gas supplied through the porous
structures to the electrode-electrolyte interfaces within the |
porous structures. Thus, porous electrodes feature the
complexities of three-phase systems with solid, liquid, and
gas partecipating in the electrochemical reaction. In this
triple-contact area, the maximum exchange among the gas, the
electrode and the electrolyte is achieved (Slide 26).

In order to immobilize the liquid meniscus within the porous
electrode, ‘two types of approaches have been used: (1)
completely hydrophilic porous electrode in which the contact
angles promote wetting; and (2) semi-hydrophobic porous

structures with part of the electrode pore structure having
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non-wetting internal surfaces (see Slide 27).

The hydrophilic electrodes have usually been constructed with
sintered metal particles such as silver. Such electrodes have
a fine pore layer on the side of the electrode towards the
bulk electrolyte and a coarse pore layer on the rear gas
side. A sufficient excess of gas pressure is maintained on
the rear side to maintain the electrolyte meniscus in the
transition region between the fine and coarse pore layers and
yet not to blow gas into the electrolyte. This requires very
close contfbl of the pore size distribution in the
manufacture of the electrodes.

The semi-hydrophobic type electrodes rely on contact angles
greater than 90° rather than excess gas pressure to maintain
the meniscus in a stable configuration within the porous
electrodes. A thin highly hydrophobic (water repellent) layer
prepared using Teflon or a Teflon-carbon mixture is often
utilized as an air permeable porous backing layer through
which electrolyte could not normally penetrate. On the
electrolyte side is a wetted very high area layer containing
the catalysts normally consisting of carbon plus an
additional catalyst such as platinum or silver.

Slides 28 and 29 show the cell structure, stack structure,
electrode structure, and catalyst structure of a phosphoric

acid fuel cell, with particular reference, in Slide 29, to a _

Fuji Electric 50 kW demonstration package unit for on-site
applications, installed at Eniricerche near Milan on behalf
of Snam and ENI. The fuel cell stack is constituted by cells
(consisting of an anode, cathode, and a matrix for holding
the phosphoric acid electrolyte, see below) and separators
for separating the reaction gas placed between the cells and
cooling plafes at each multiple cells. The fuel cell stack
also has clamping plates to apply the necessary compression
stress to the current collectors, electric insulating plate,

and cells. The manifolds are placed around the fuel cell
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stack.

At the air electrode, the electrochemical reaction of the
cell is: % 0, + 2H" + 2e” = H,0. The oxygen in the air which
flows through the gas channels of the electrode substrate
passes through the gas diffusion part of the electrode and is
diffused to the electrode catalyst layer. The electrode
catalyst layer is constructed by dispersing the catalyst
agglomerate which is platinum or platinum alloy supported on
carbon black and polytetrafluoroethylene bonder. Phosphoric
acid is also maintained at the catalyst agglomerate so that
the hydrogen ions migrate. The diffused oxygen is dissolved
and transported to the platinum surface by the catalyst
agglomerate surface phosphoric acid. Thereupon, the hydrogen
ions and oxygen in the phosphoric acid react with the
electrons propagated through the electrode substrate and
carbon black and water is generated. The generated water is
fled to the electrode substrate gas channels and is carried
to the outside of the cell over a reversed path of the oxygen
path. The air electrode reaction (% 0, + 2HY + 2e” = H,0) and
fuel electrode reaction (H, = 2HY + 2e”) are performed via an
ion conductive electrolyte and power is generated by flowing
electrons through an outside circuit.

Slide 30 shows the block diagram of a phosphoric acid fuel

cell power plant, with particular reference to the 1 MW .

demonstration unit for dispersed generation built in Milan by
Ansaldo, based on a cooperation with AEM (the Milan Municipal
Energy Authority) and ENEA; the plant uses fuel cell stacks
supplied by IFC (International Fuel Cell) and a methane
reforming system supplied by Haldor Topsoe. (The experience
gained by Ansaldo in designing and constructing the plant and
the resultsnthat will be obtained by AEM, the company which
now owns the plant, during its operation, are essential to
prepare for the introduction of fuel cell plants into the
Italian electric system).



14

The major functional components of the plant are the fuel and
air processing subsystems, a fuel cell power section, and a
thermal management subsystem. Air is compressed in a
turbocompressor before being fed to the cathode. The
reformer-burner effluent provides the energy to drive the
turbine of the turbocompressor unit. Methane also is
compressed and then passes through a hydrotreater
(hydrodesulfurizer), where sulfur compounds are removed. The
clean fuel is then mixed with steam from the power section
waste heat. The fuel-steam mixture passes into the heat
exchange reformer where it is processed to a mixture of
hydrogen, carbon dioxide, carbon monoxide, and water vapor.
The carbon monoxide and the water are then further converted
to hydrogen and carbon dioxide in two shift converters
operating successively at lower temperatures. The low-
temperature shift converter reduces the carbon monoxide
concentration to less than 1% (carbon'monoxide and sulfur
impurities are deadly poisons for hydrogen electrodes). The
processed fuel then flows to the anode cavities in the fuel
cell power section, where hydrogen is extracted for the
electrochemical reaction. The anode exhaust stream then
enters the reformer burner, where the dilute hydrogen is

burned to provide heat for the reforming process.

Basic specifications of both the Fuji 50 kW package unit .

installed at Eniricerche near Milan, and the ICF 1 MW plant
installed at AEM inside the Milan urban area (Bicocca) are
listed in Slide 31.

Alkaline fuel cells offer higher performance than phosphoric
acid fuel cells. The cell voltage (0.8 V) is higher than that

(0.7 V) of the acid cell because of the observed lower

cathodic overpotentials in the alkaline cell. The cathodes do
not require noble metals, which results in a substantial cost
reduction when compared to the acid cells. A further
advantage of alkaline cells is that nickel, which is stable
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in the cell environment, can be used for fabrication of
electronically conductive components (e.g. electrodes,
current collectors). In contrast, acid systems are restricted
to expensive materials, such as graphite, tantalum, or
niobium. Carbon dioxide, in air or in fuel gas, fed to the
cell causes a rapid carbonation of the electrolyte and loss
of performance. Consequently, a carbon dioxide scrubber is
necessary, prior to the cell inlet, to prevent this problen.
At present, the energy required for carbon dioxide removal is
rather high and, hence, the efficiency advantage of the
alkaline fuel cell, resulting from lower cathodic
polarization, is almost totally negated by the efficiency
penality associated with elimination of carbon dioxide from
the air and fuel gas streams. If the carbonation problem can
be overcome without significantly increasing capital costs
and reducing.overall efficiency, alkaline fuel cells will be
attractive for large-scale power generation.

Slide 32 shows the cell structure of a molten carbonate fuel

cell, which employs a mixture of alkali metal carbonates in
a ceramic particulate matrix as the electrolyte and porous
nickel based electrodes as anodes and cathodes. The molten
carbonate fuel cell power plant has several significant
advantages over a system using acid cells because of the
higher power density at higher voltages than with the acid

cell. The fuel processor is simpler since the cell is
tolerant to carbon monoxide and the reforming process can
occur within the fuel cell. As a result, reformer and shift
converter are not required. Higher efficiency is achieved
because the reforming process absorbs heat, which would be
supplied in situ by heat produced at the electrodes of the
cell. Furthérmore, the cell operation at high temperature
(600-750°C) is conducive to the use of process air for
cooling (lower temperature acid cells require a separate

coolant loop). In large systems, it is anticipated that
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increased efficiency can result by recovering waste heat in
order to generate steam for use in a steam turbine or as
process steam.

Slide 33 shows the sketch of a solid electrolyte fuel cell,

which is essentially a hydrogen-oxygen fuel cell with a
solid, ceramic oxide material serving as the electrolyte, the
mechanism of ionic conduction being oxygen ion transport via
anion defects in the solid oxide crystal 1lattice. High-
temperature (~ 1000 °C) solid electrolyte fuel cells have
many advantages over other types of fuel cells as there are
no liquids involved and, hence, the problems associated with
pore flooding and maintenance of a stable three-phase
interface are totally avoided. In addition, the electrolyte
composition is unvaried, regardless of the composition of the
fuel and oxidant streams, and activation polarization losses
are negligible. Fuel power plants using solid electrolyte
cells are designed to have a high overall system efficiency
through integration with a fuel processing system. As with
the molten carbonate fuel cells, the cell is compatible with
carbon monoxide, and the reforming process can take place in
the cell; the fuel processing system for a solid electrolyte
cell is thus simplified relative to the requirements for an

acid cell system. Carbon dioxide is not required as a cathode

reactant and, therefore, the solid electrolyte cell offers a .

somewhat simpler power plant system than the molten carbonateb
cell. Also, the higher operating temperature facilitates
waste heat rejection and integration with other power plant
functions. Furthermore, the solid electrolyte cell power
plant has a unique advantage when coal is employed as a fuel
in that the waste heat generated can be employed to gasify
coal, thus providing fuel gas for the fuel cells. Thermal
coupling leads to high overall efficiencies for the power
system and, practical efficiencies of more than 60% are

considered much likely. This efficiency is significant, as
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this type of power system utilizes coal rather than natural
gas, methanol, or naphta as fuel.

As far as the solid polymer electrolyte (i.e. a quasi-solid
electrolyte) fuel cells are concerned, Slides 34 and 35

describe the Gemini spacecraft fuel cell system, which
successfully met in 1965 the requirements of manned 7- and
14- day missions (please remind that ion-exchange membrane
fuel cells were unknown in 1954). The membrane was a
polystyrene divinyl benzene sulfonic acid type membrane,
denoted by P(S-DVB)SA. Afterwards, perfluorinated sulfonic
acid membranes were developed, with a greatly enhanced
chemical stability to strongly oxidizing environments due to
the absence of any hydrocarbon linkage in the backbone. The
electrodes were directly applied on both sides of the
membrane. The advantage of such a system over the traditional
one, based on porous, gas-—permeable electrodes detached from
a porous separator, is evident, since by the new method one
sets aside the delicate problem of metering the gas feed
through special porous electrodic structures in such a way as
to prevent any loss of unreacted gas into the electrolyte or
the flooding of the electrode pores. The membrane itself
operates as a solid electrolyte, hence the trade name of SPE
(solid polymer electrolyte).

Recent progress in solid polymer fuel cells makes this
technology very attractive for transportation applications,
via methanol reforming, and using a hybrid system with a
secondary battery. Such a hybridized system would be
characterized by fuel cell and reformer tailored to generate
an "“average" power and operating under nearly stationary
conditions, and by high cycle number long-life batteries
sized to meet the power peaks and warm-up requirements (cold
start-up). (In this way the fuel cell-reformer system may
exhibit a less extreme dynamic behavior and be subject to

slow variations of operating conditions). In order to develop
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cell and stack technology a cooperation was established in
1989 between ENEA and De Nora Permelec. De Nora cells with Du
Pont (Nafion) and Dow membranes have been built and tested
with very promising results (more than 20 small scale (< 1
kW) units operated during the last year for an overall amount
of about 1000 hours; six months of intermittent operation
successfully tested; 1 kW unit tested c/o Ansaldo facilities
under extreme conditions; six month; on the shelf 1life
verified). Stacks design and construction is continuing, the
goal being a 10 kW stack (a 5 kW not optimized unit, based on
a cheap, mass producible hardware design was completed by the
end of 1993 and is presently being tested at Ansaldo
facilities; 9 units will be delivered to the EQHHPP bus
project for a total amount of 45 kW at the endplates and
other 9 units will be delivered to the EQHHPP boat project).
(See Slides 36 and 37). Within the frame of the Euro-Quebec
Hydro-Hydrogen Pilot Project (EQHHPP, 100 MW of hydropower
made available in Canada to produce hydrogen by electrolysis,
which will then be shipped to Europe in the form of liquid
hydrogen for use in the transportation and energy intensive
industry fields), a city bus with electric drive and battery
storage will be powered by a membrane fuel cell system (from

De Nora) with liquid hydrogen as fuel in superinsulated tanks

mounted on board, and a small (approx. 20 m long) public

transport boat on the Maggiore Lake will be converted to
membrane fuel cell propulsion (De Nora) and liquid hydrogen
storage (Italian partners: Ansaldo, ASM Azienda Servizi
Municipalizzati Brescia, GNL Gestione Governativa Navigazione
Laghi Maggiore-Garda-Como, ISTIC Universitad degli Studi di
Genova, RINA Registro Italiano Navale, SERE Servizi e

Ricerche Elettrochimiche De Nora) .-
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4. Enerqy Recovery from an Amalgam Denuder (2,10)

As it is well known, the comparison between the amalgam
process and the diaphragm (or membrane) process for making
chlorine and <caustic indicates a difference of the
decomposition (reversible) voltages by about 1 V. Caustic
soda is produced directly by the diaphragm cell; on the other
hand, in the amalgam process, sodium amalgam formed at the
amalgam cathode must be decomposed in a separate cell, named
the amalgam decomposer (or denuder), to convert into caustic
soda. Amalgam decomposition is an electrochemical process,
but exothermic, and hence it takes place without an external
power supply. That is, the sodium amalgam anode and the
hydrogen cathode on graphite lumps in the decomposer form a
short-circuited local cell. The overall process consisting of
the amalgam formation reaction (electrolysis) and the amalgam *
‘decomposition reaction is, of course, equal to that of the
diaphragm cell. Therefore, the decomposition voltage of the
amalgam cell system will become equal to that of the
diaphragm cell if the free energy change for amalgam
decomposition 1is recovered as dc electric power by an
adequate procedure such as fuel cell technology.

Slides 38 and 39 give an idea on this concept, where the

electric energy equivalent to about 1 V could be recovered by .

the amalgam decomposition fuel cell connected with the
amalgam cell. Practically much lower voltage savings may be
obtained because the hydrogen overpotential of the cathodic
reaction on the commercial available electrocatalysts in the
presence of concentrated caustic is very high, even at
current densities lower than those used in mercury cells. The
system shown has another serious problem. The current
efficiency of the amalgam cell is 92-95%. Therefore, the
anodic oxidation of mercury may take place due to unbalance

of 4-8% of current efficiency in the amalgam decomposition
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cell. Separate circuits to balance the reactions will
increase investment cost.

Slide 40 illustrates the original Castner rocking cell. It
comprised three sections, two outer brine cell compartments
with graphite anodes and a central amalgam denudation
compartment. The sodium amalgam formed in one brine
compartment was transferred to the denuder and then on to the
second brine compartment by imparting a periodic rocking
motion to the cell so that only one of the brine compartments
was operational at a time. The amalgam also served to provide
separation of the three compartments. Attempts were made to
recover energy from the denuder, but considerable work showed
this to be impracticable at industrial scale (see above). So
the denuder changed into a short-circuited cell in which the
iron grid was connected to the amalgam.

In principle, the air cathode (see below) can also be used to
recover electrical energy in conjunction with mercury cells
through the use of an electrochemical amalgam denuder (Slide
41). In fact, if the oxygen reduction cathode is applied in
the amalgam decomposition cell instead of the hydrogen
evolution cathode, a large emf, say 2.2-2.4 V, can be
obtained. Unfortunately, the high irreversibility of the
cathodic oxygen reaction even on the most suitable available
materials and at current densities far below those of the .
electrolytic cells, prevents the practical application of
such technology too. A high performance fuel cell of the form
Na (Hg) /NaOH/O, was built in the early 1960's in the United
States for military application. To make such an electrical
energy recovery system practical for the chlor-alkali
application involves many difficulties and high capital
expendituré: Furthermore, new mercury cell construction is
unlikely because of environmental problems: the better
approach is not to generate amalgam in the first place.

As a conclusion, all attempts to recover energy from an

amalgam denuder have failed.
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5. Chlor-Alkali Electrolysis with Oxygen Depolarized
Cathodes (5)

The hydrogen generated in present diaphragm and membrane
chlor-alkali cells is usually burned for its heat value
rather than used for chemical purposes. In such instance the
replacement of the hydrogen generating cathodes with air
consuming oxygen cathodes offers the opportunity for
substantial energy savings (Slides 42,43,44). This variant
suggested itself when, on the one hand, gas-diffusion
cathodes improved by the fuel cell technology could to a
sufficient extent be made available at least for pilot plant
operations, and on the other hand, the membrane cell process
was capable of supplying a pure caustic soda solution
separated from the anolyte (a high purity catholyte is much
less likely to present poisoning problems with respect to air
cathode catalysts). According to the thermodynamic
decomposition voltages, it would in this way be possible to
save at best 1.23 V of usual membrane cell voltage. In
practice, even in comparison with highly catalyzed hydrogen
cathode, the air cathode is still expected to ensure a
voltage saving of 1.0 V (~ 28%, but the total energy saving
will be less since the heat value of the hydrogen will no
longer be available). .
In Slide 45 the oxygen cathode structures of both the

hydrophilic type and the semi-hydrophobic type are shown (see
the discussion on the porous gas diffusion electrodes in the
previous lecture). For in - situ chlor - alkali applications
the hydrophilic type oxygen cathodes appear less attractive
than the semi-hydrophobic type. Sintered metal electrodes
tend to be considerably more expensive to fabricate
particularly when the pore size distribution must be
carefully controlled and it is difficult to make them very
thin without structural support-cracking problems. As to the
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semi-hydrophobic electrode structure, note in Slide 45 the
gas-filled capillaries or wicks made up of Teflon particles
in chain like clusters of fibrils which extend into and
through the active layer and expedite transport of the oxygen
into the whole active layer.

Despite the attractiveness of in-situ air cathodes for
chlor -alkali cells, there are still significant problems
such as the sluggishness of the oxygen electrode (the
relatively high cost of ion selective membranes leads to high
current density requirements, because of capital investment
considerations, for example 300 mA/cmz, which is a rather
high current density for oxygen electrodes), the electrode
cost (relatively high, particularly if platinum is used as
the catalyst at substantial loadings), and the operational
life (which should be a minimum of one year with very 1low
failure statistics at shorter times). Moreover, it is
necessary to remove nearly all of the carbon dioxide from the
air supply to prevent carbonate precipitation within the
electrode active layer.

An alternative to the in-situ air cathode is to use hydrogen
in hydrogen-air fuel cells such as the first generation
phosphoric acid system. These cells operate at temperatures
up to 200 °C and the cogenerated heat would be available for
concentrating the caustic particularly with diaphragm chlor- .
alkali cells. Further, unprocessed air can be used because of
the carbon dioxide tolerance of the acid fuel cell systems.
A major advantage is that these cells could be retro-fitted
to existing diaphragm chlor-alkali cells. Another advantage
of the hydrogen-air fuel cell approach (utilizing by-product
hydrogen from chlor-alkali cells) is that the hardware is
largely avéilable. The operating voltage, however, is
presently ~ 0.6 V and hence the recovered electric power is

only ~ 60% of that with the in-situ air cathodes.
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6. Electrolysis with Hydrogen Depolarized Anodes (12,32,36)

As well known, the industrial production of caustic soda is
today linked to the co-production of chlorine gas in a ratio
of about 0.9 ton of chlorine for each ton of caustic soda.
The technologies today available are (1) mercury, (2)
diaphragm, and (3) membrane, with a specific consumption of
electric energy of about 3000, 2500, and 2200-2500 KWh/T
caustic soda respectively. Chlorine demand has been
decreasing in the 1last few years due to the market
difficulties which have particularly affected the chlorinated
solvents and the pulp and paper industries, whilst caustic
demand is steadily increasing. In the meantime many
industries have to face the continuously worsening problems
related to the disposal of large quantities of salts, mainly
sodium salts as by-product from chlorine dioxide plants, pulp ¥
and ﬁaper industries, rayon plants, acid waste neutralization
from different chemical processes and pharmaceutical
industries. These salts, up to recent times, were disposed of
by dilution in the bulk of effluents or dumped into disposal
areas or, in the specific case of sodium sulfate, utilized by
the solid detergent and glass industries as an inert charge
in their formulations. Their disposal/utilization
possibilities are going to decrease or to disappear in the
very near future due to the possible shortage of the sodium
sulfate absorption market and, mainly, due to tighter
environmental protection regulations.

Taking care of these problems is giving a strong impulse to
the development of new processes able to (1) produce caustic
soda without chlorine generation using as a raw material
mined sodiuﬁ carbonate/bicarbonate with side production of
pure carbon dioxide; (2) split salts (e.q. sodium sulfate and
nitrate), which are available as by-products of different

chemical processes, whilst caustic soda, acids or acid sodium
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salts are recovered thus obtaining a "closed loop" process;
(3) have a very low energy consumption for electrolysis in
the range of 1700-2000 kWh/T of produced caustic soda; (4)
produce a caustic soda with characteristics in the range of
membrane chlor-alkali process.

De Nora Permelec has developed a technology which utilizes
the hardware and operating concepts of the membrane
electrolyzers for chlor-alkali production. The problem of
energy saving is overcome by resorting to gas depolarized
anodes fed by the hydrogen produced at the cathodes (Slides
46,47) .

As already seen, the present technology comprises various
kinds of depolarized electrodes, usually based on a porous
substrate (e.g. carbon fabrics or felts, metal sheets
sintered from powders or fibers, metal fabrics), provided on
one face with a catalytic coating while the other side is
made hydrophobic (Slide 48, left). Under optimum operating
conditions the electrolyte partially fills the pores forming
the meniscus in the region of the electrode containing the
catalyst. Operating conditions causing percolation of the
electrolyte through the pores or 1loss of gas in the
electrolyte should be avoided. For this reason, anodes of
this type allow rather small pressure differentials between
the electrolytic compartment and the hydrogen chamber.
Besides this limitation, conventional electrodes are affected
by the problems caused by the presence of the electrolyte in
the pores in direct contact with the catalyst. Therefore,
either crystallization phenomena are experienced leading to
the destruction of the porous structure, or some poisoning of
the catalyst can occur when the electrolyte contains heavy
metals, even in traces. These problems are overcome by using
a depolarized anode made of a porous sheet containing a
catalyst, bonded or pressed against a cation-exchange

membrane (Slide 48, right). The assembly formed by the
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membrane and the porous catalytic sheet is in turn bonded or
maintained pressed against a suitable current collector, such
as an expanded metal or wire mesh. The dimensions of the
voids in the expanded metal or wire mesh are preferably small
in order to allow at the same time a good mechanical support
of the membrane/porous sheet assembly and a homogeneous
current distribution.

In the case of bulk production of caustic soda (Slide 46) the
equipment, other than the electrolyzer, consists of a reactor
for neutralizing the acid sodium sulfate by sodium
carbonate/bicarbonate, a carbon dioxide recovery, drying,
liquefaction system, an inorganic impurities purification
system of the neutralized sodium sulfate solution to be sent
to the electrolyzers. Obviously, hydrogen depolarized anode
electrolysis requires the hydrogen treatment section (gas
disengager, abatement of the entrained caustic soda mist). *
The caustic soda separated from hydrogen is sent to
utilization at a concentration between 15% and 30% according
to users requirements.

In the case of the recovery of caustic soda and acid from by-
product salts, the discussion is limited to sodium sulfate
(other by-product salts, such as sodium nitrate, ammonium

sulfate, may be substantially treated in the same way) . The

scheme illustrated for sodium carbonate/bicarbonate remains .

unchanged for all those cases where on-site utilization of
acid sodium sulfate solutions is possible. If recycling to
the upstream production stages requires pure sulfuric acid,
the electrolyzer structure has to be modified by the addition
of anionic membranes (slide 47) (the energy consumption with
this configuration is higher, around 3000 kWh/T of produced
caustic soda; the concentration of the sulfuric acid produced
is about 15%, while the concentration of caustic soda will
range between 15% and 30% according to the users

requirements) .
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activation overpotential (overvoltage): Contrioution to the total
overpotential dug to the charge transier step at the electroce interface.

active mass: The material in an electrochemical cel! which takes partin the
cell reaction. For example, the lead oxide contained in the positive plate of a
lead-acid battery.

anode:The electrode at which oxidation takes place. and which gives up
electrons to the 2xtemnal circuit.

anolyte: The electrolytic phase in contact with the anode.

batterv: An assembly of two or more cells electrically connected to forn a
unit. For example, a 12V SLI battery is made up of six 2V cells in senies.
However, the term is also often used to indicate a single cell.

binder: A polvmeric material added to the active mass to increase its
mechanical strength. .

bipolar electrode: An electrode assembly which functions as the anode of
one cell on one side. and as the cathode of the next cell on the other side.
Also known as a ‘duplex’ electrode. especially in Leclanché battenies.

bus. bus bar: A rigid metallic conductor which connects difierent elemeats
of a battery; aiso. the conductor for an electrical system to which a battery
terminal is attached.

burton cell: Miniature cylindrical cell having a characteristic disc shape.

can, case: The external envelope of a cell or battery, or the box containing
the cells and connectors.

capacity, rated: The value of the output capability of a battery, expressed in
Ah, at a given discharge rate before the voltage falls below a given cut-otf
value, as indicated by the manufacturer.

cathode: The electrode at which reduction takes place and which withdraws
electrons from the external circuit.

catholyte: The electrolytic phase-in contact with the cathode.

cell: Electrochemical device which directly interconverts chemical and
electrical energy. :

cell reversal: Inversion of the polarity of the terminals of a cell in 2 muiticell
battery. Cell reversal is usually due to overdischarge, when differences in



the capacity of individual cells resuit in one or more cells reaching complete
discharge before the others. oo T T

charge acceprance: The abilitv of a secondary cell or batterv to convert the

active materialto a dischargeable form. It is measured by the capacity which
can be suvsequently delivered 1o 2 load as 2 resultof the charging process. If
the charge acceptance is 1005 then all of the electricai energy input would
become available for useful output.

charge rate: See: C-rate. _
charge retention: The ability of a charzed ceil to resist self-discharge.

charge. state of: The concition of a c2! Or 2 battery in terms of the remaining
avaiiable capacity.

collecior: current collec:or: Elecr.onic conductor embedded in the active
mass and connecied 1o the bus bar or terminal.

concentrauon overpotential (overvoliage): Contribution o the otal
overpotential dus to nor-uniform concentrations in the electrolvie phase
near the electrode surface caused by the passage of current.

corrosion: Oxidation of a metallic phase starting at the surface and caused bv
the reaction of the metal wih components of the environment. In batreries
corrosion phenomena olav an imporiant role especially in the case of
primary aqueous cells 2rd in high temperature svstems.

C-rate: A method for expressing the rate of charge or discharge of a c2!l or
datterv. A cell discharging 3t a C-rzie of - will deliver its nominal rated
capacity in 1/7h: e.g. if the rated capacity is 2 Ah, a discharge rate of C/1
corresponds to a discharge current of 2A . a rate of C/10100.2A. etc.

creep: The process by which fiquic elzctrolvtes. and in particular alkaljes,
can escape past rubber-metal or polvmer-meral seals, or through minute
cracks in a cell case or iid.

current densiry: Electric 3ux per unit area. I is generally defined in terms of
the geometric or projected electrode area and is measured in Am~* or
mAcm™,

cut-off voltage: Final voltage of a discharge or charge operation. In the case
of discharge. it is chosen as the voitags value below which the connected
equipment will not operate, or below which operation is not recommended
because of the onset of irreversible processes in the cell. In the case of
charge. it is selected t0 allow complete conversion of active material with a
minimum of gassing.

cvcle: Sequence of charge and discharge of a secondary battery.

cvcle life: The total number of charge/discharge cycles that can be delivered
by a secondary cell or bartery, while maintaining a predetermined output
capacity and cycle energy efMiciency.

depolariser: A substance which is supposed to reduce electrode polarisation.



The term was introduced when it was believed that the electrode
polarisation was due solely to gas evolution at the electrode and the action of
the depolarser was to eliminate or prevent this process. Today views are
different, but the term is still sometimes used, usually to denote the positive
active material.

discharge curve: A plot of cell or battery voltage as a function of time, or of
discharge capacity, under a defined discharge current or load.

discnarge depth: The percentage of the capacity to which acell or battery has
peen discharged. Shallow/deep discharge: small/large fraction of the usable
capacity consumed.

discharge rate: See: C-rate.
drain: Withdrawal of current from a cell or battery.

drv cell: A cell in which the electrolyte is immobilised. being either in the
form of a paste or gel or absorbed in a microporous separator material.

dry charged cell: A cell which is in its fully charged state but without
electrolvte.

duplex elecirode: Type of electrode system used in flat Leclanché multicell
batteries, formed by zinc coated on one side with carbon. It acts as the
cathode current collector for one cell and as the anode for the adjacent cell.
(see "bipolar electrode’).

elecirode: The electronic conductor and associated active materials at which
an electrochemical reaction occurs.

electrodeposition: Deposition of a chemical species at the electrode of an
electrolvtic cell caused by the passage of electnic current.

elecrrolysis: Chemical modifications (i.e. oxidation and reduction) produced
by passing an electric current through an electrolyte.

electrolvte: The medium which permits ionic conduction between positive
and negative electrodes of a cell. It may be solid or liquid. In some cases the
electrolyte may take part in the cell reaction.

equalising charge: Passage of an amount of charge by which the
undercharged cells of a battery are brought up to a fully charged condition
without damaging those already fully charged.

expander: A substance added in smail amount to the active materials of a
lear-acid battery to improve the service life and capacity of the electrodes.
In particular, an expander prevents the increase in crystal grain size of lead
in the negative electrode.

failure: The state in which the performance of a cell or battery does not meet
the normal specifications.

float charging: Method of recharging in which a secondary battery is
continuously connected to a constant voltage supply that maintains the cell
in fully charged condition.



forming; formation: A series of charge/discharge cycles carried out under
carefully controlled conditions after the manufacture of a secondary cell i
order to optimise the morphology of the active mass.

fuel cell: An electrochemical generator in which the reactants-are stored
externally and may be supplied continuously to the cell.

gassing: Gas evolution which takes place towards the end of the chart_iihg ofa
battery.

grain boundarv: The surface separating two regions of a 'sqlid having.
different crystal orientations. : .

grid: The lead framework of a lead-acid battery plate which holds the active
material in place.

group: A set of electrodes within a cell which are connected in parailei.

hybrid cell: Electrochemical cell in which one of the two active reagents is in
the gas phase and may be supplied from an external source. A hvbrid cell
occupies an intermediate position between closed cells and fuel cells.

hybrid electric vehicle: A vehicle that has more than one type of power
supply to support the drive: e.g. battervimotor plus fossil fuel/internal
combustion engine.

immobilised electrolyte: See: dry cell.

inhibitor: A substance added o the electrolyte which prevents an
electrochemical process, generally by modifying the surface state of an
electrode. A well known example is that of corrosion inhibitors which
prevent metal corrosion.

tnitial drain: Current that a cell or battery supplies when first placed on a
fixed load.

internal resistance: Resistance to the flow of direct current within a cell.
causing a drop in closed circuit voltage proportional to the current drain
from the cell.

(R loss; iR drop: Decrease in the voltage of a cell during the passage of
current due to the internal resistance of the bulk phases within the cell -
mainly that of the electrolyte and the separators. Also known as ‘ohmic
loss’. 4

load: The external devices or circuit elements to which electric power is
delivered by a cell or battery.

load levelling: The intervention aimed at reducing non-uniform conditions
in electricity demand. The principle of load levelling is to store energy when
demand is low and to use it to meet peak demand. '

loss: See: iR loss; polarisation loss.

maintenance: The procedures which are required in order to keep a battery
in proper operating conditions. They may include trickle-charging to
compensate for self-discharge, addition of water to the electrolvte, etc.



mass transport: Transfer of materials consumed or formed in an electrode_ _

process to or from the electrode surface. Mechanisms ot mass transport may
include diffusion, convection and zlectromigration.

negative: Negatively charged electrode. usually of a secondary cell; acts as
anode during discharge and cathode during charge.

ohmic loss: See: iR loss.

open circuit voltage: The voltage of a cell or battery under no-load condition.

measured with a high impedance voltmeter or potentiometer.

overcharge: The continued application of charging current o a cell or
battery after it has reached its maximum state of charge.

overdischarge: Forced discharge of a cell or a battery past 100% of the
available capacity. In the case of a multicell battery. the overdischarge may
cause cell reversal.

overpotential; overvoliage: Difference between the actual electrode voltage
when a current is passing and the 2quiiibrium (zero current) potential. A
number o different effects may contribute to the total overvoltage.

oxidation: The loss of electrons by a chemical species.

)

passivation: Surtace modifications of metallic materials which cause
increase in their resistance to corrosion process.

£

passivity: The condition of a metallic material corresponding 0 an
immeasurably small rate of corrosion.

plate: In the terminology of secondary batteries. this has the same meaning
as “electrode”. |

polarisation: Deviation from equilibrium conditions in an electrode or
galvanic cell caused by the passage of current. It is related to the irreversible
phenomena at the electrodes (electrode polarisation) or in the electrolvtic
phase (concentration polarisation).

polarisation loss: Reduction in the voltage of a cell delivering current from
its equilibrium value.

positive: Positively charged electrode. usually of a secondary cell: acts as
cathode during discharge and anode during charge.

post: See: terminal.

primary battery: A cell or battery whose useful life is over once its reactants
have been consumed; i.e. one not designed to be recharged.

rate: See: C-rate.

recombining cell: A secondary cell in which provision has been made for the
products of overcharge reactions to recombine so that no net change occurs
to the composition of the cell system as a result of overcharging.

reduction: The gain of ¢lectrons by a chemical species.

reserve batterv: In principle. anv battery which will not deliver current in its

¥



manufactured form until activated by a suitable procedure, e.g. by adding
the electrolvte to the dry components (water actvated cells or cells activated
by addition of special electrolytes). or by raising the temperature of the cell
(thermal batteries, where the electrolyte is generally a mixture of salts in the
solid state at ambient temperature).

reversal: Sez: cell reversal.

* secondarv battery: storage bartery: Cell ot battery which can be recharged
after discharge. under specified conditions.

self discharge: Capacity loss of a cell or battery under open circuit conditions
due to chemical reactions within the cell.

self discharge rate: The rate at which a cell or battery loses service capacity
when standing idle.

separator: Electrically insulating layer of material which physically separates
electrodes of opposite polarity. Separators must be permeable to the ions ot
the electrolyte and may also have the function of storing or immobilising the
electrolvte.

service life: Timescale of satisfactory performance of a battery under a

specified operating schedule. expressed in units of time or number ofcharge/
discharge cycles.

shedding: The process wherebv poorly adhering active mass (generally in
the positive plate of a lead—acid cell) falls irom the grid to form a sludge
(mud) on the floor of the cell.

shelf-life: Period of time 21 cell can pe kept idle after manufacture without
significant deterioration.

short-circuir: The condition when the terminals of a cell or battery are
connected directly.

SLI barterv: A battery of usually 12V or 24V used for starting, lighting and
ignition in vehicles with internal combustion engines.

stack: An assembly of parallel plates.
storage batterv: See: secondary barttery.

surface active agent: A substance which modifies the behaviour of a phase by
interacting with its surface. For example. in the case of lead-acid bateries.
the morphology of the active materials deposited at the electrodes may be
strongly aifected by the addition of surtace-active agents.

terminal: The external electric connections of 2 cell or battery; also known as
‘terminal post’ or ‘post’.

thermal barterv: A type of reserve cell which is activated by raising the
temperature.

thermal management: The means whereby a battery system is maintained
wirhin a specified temperature range wiile undergoing cnarge or discnarge.



thermal runaway: A process in which a cell undergoes an uncontrolled rise in
temperature due to the passage of increasing current (on. say, short-circuit
discharge or constant voltage charging) as the temperature rises.

trickle charging: Method of recharging in which a secondary cell is either
continuously or intermittently connected to a constant current supply in
order to maintain the ce!l in fully or nearly fully charged condition.

uninterruptable power supply (UPS): A power svstem which maintains
current flow without even a momentary break. in the event of mains or
generator {ailure.

venr: Valve mechanism whaich allows controlled 2s5cape of gases generated
during charging. but prevents spillage of elegtrolyvie.

voltage delax: Time interval at the star: of a discharge during which the
working voltage of a czll is below its steady vaiue. The phenomenon is
2enerally due to the presence of passivaiing films on the negative electrode.

wet cefl: A czil in which the liguid elecrrolyze is free-flowing.
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Table 1
Desirable Characteristics of Systems for High-Performance Electrochemical Cells

Anode Cathode

Characteristic reactant reactant Electrolyte
Electronegativity Low (~1) High (>1.5) —
Equivalent weight (g/g equiv.) . Low (<30) Low (<30) Low*® (<30)
Conductivity (' am™") High (>10%) High (>10")  High (>1)
Electrochemical reaction rate (io, A/cm’®) High (> 107%) High (> 107%) High (> 107%)
Solubilizy ia electrolyte (mol %) Low (<0.1) Low (<0.1) —
Mass transport rate (equiv/sec cm’) High (> 10”") High (> 107%) High (> 107%)

« A more important criterion for the clectrolyte is low density.

SLIDE No. 1: E.J. Cairns, from Reference 4.
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Figure 1. Theoretical specific energy (Wh/kg) for various clectrochemical couples plotted against
the sum of the molecular weights of the reactants times the number of moles of each involved in the
balanced cell reaction. The straight lines are iso-emf lines. A good 2pproximation to practical
specific energies is obtained by multiplying the values in the figure by 0.2-0.25 for couples with
solid reactants, and 0.15-0.2 if gaseous reactants are involved. Na/S* signifies 2Na + 5.2S -
Na2,S¢ -, two-phase region; Na/S7 signifies Na,Sy + 2.2S = Na,S; ,, single-phase region.

SLIDE No.2: E.J. Cairms, from Reference 4.
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Figure 14. Weight analysis of a typical SLI battery.

from Reference 4 (upper figure).

K. Kordesch, from Reference 4 (lower figure).



4.7 Interleaving of positive and naegalive aloectiode groups (olements) to form a

lead-acid cell.
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ry grid: this acts as a Iramework 1o hold the aclive

4.4 Typical lead-acid batte

material in place.

Cell 2

Cell 1

i

4.5 Expanded metal grid.

4.8 Schematic diagram of load—ocid battery showing tliough-partition

conneclion.

SLIDE No.4: F. Bonino, C.A. Vincent, from Reference 7.
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VEHICLE PROPULSION POWER CALCULATIONS

Pr Py
Pb= + —
En-Ee Eae

P, = V(F, + F, +Fg + F,)

Fr = Mgk (1 + 0.022 V)

v?
Fy = 0,044 —
2
Fg = M,z sin
cv
Fa= 1.1 % —
dc
Py = power required from the battery, watts
P, = power required a:t the rear wvheels, watts
E, = mechanical efficiency of the drive train (transmission,
differential)
E, = electrical efficiency of the drive train (power elec-
tronics, motor)
P, = power required for the work of the accessories -
Eie = efficiency of the accessories
v = vehicle velocity, meters/second
F. = rolling resistance of the tires, newtons
M, = vehicle test mass, kg
g = gravitational constanc, 9.807 meters/second?
K = coefficient of rolling resiscance for the tires
(0.008-0.015)
F, = wind resistance, newtons
p, = demsity of air, kg/m’('i.'llff Fa/k% L ASC ad 2O f.r,—)
Cq = air drag coefficient for che vehicle, 0.3-0.7, depend-
ing on streamliniag
Ay = froncal area oi the vehicle, a?
Fg = gravitational force, newtons
©@ = angle of inclination of road
F, = acceleracion force, newcons.

SLIDE No. 10: E.J. Cairns, from Reference 5.
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Figure 4. Sample driving profiles and

corresponding power profiles
(for a 1700 kg automobile). (3)

11: E.J. Cairns, from Reference S.
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Figure 34. Specific power vs. specific energy for electric vehicle battery
C T . (50.70.76.90.85.128.129)
candidates.

SLIDE No. l4: E.J. Cairns, E.H. Hietbrink, from Reference 4.
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SLIDE No. 15: K. Kordesch, from Reference 4 (lower figure).
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SLIDE No. 16: K. Kordesch, from Reference 5 (upper flgure)

B.V. Tllgk , R.S. Yeo, S. Srinivasan, from Reference 4
(lower figure).



e STONAGE BATTERY o MAXIMUM SPEED
12 ©h 6V modutns In series (72V tataf) 70 kmih
total welght : 350 ka

e ELECTRIC MOTOR e ACCELERATION
dc seties excited . 0-40¥mMhin10s
nominal power : 9.2 kW
manual shilt 4 speed ¢ reverse gear

e RANGE o CLIMBARILITY
on uthan cCE cycle: 70 km . 25T,
at 50 kmeh constant: 100 km

e PAYLOAD
2 persons ¢ 100 kg

e RATTERY CHARGER :  ONROARD. AUTQMATIC, 220 V.16 A
RECHARGING TIME 8 h

o PASSENGER COMPARTMENT HEATER : GASOLINE HE ATER

o AUXILIARY SYSTEM H 12 VRATTERY FEDO BY oc/oC COMVERTER
e CURB WEIGHT :  1CSOKG

e NEGEMERATIVE FFAKIP:‘G : AUTOMATIC

FIG. 3 - MAIN CHARACTERISTICS OF FIAT PANDA ELETTRA

Table 5
Near-Term DOE Electric Vehicle Performance Objectives®

Minimum passenger capacity Four adults
Maximum curb weight ’ Open
Minimum urban range, km 121
Maximum electric recharge energy in urban
driving, kWh/km 0.32
Maximum rechargce time, h 6
Safety features : Meet federal motor
' vehicle safety standards
Minimum ambicnt temperature range, °C —29to +52
Minimum top speed, km/h » 97
Maximum acceleration time, s2c (0-48 km/h) 9
Maximum merging time, sec (40-89 km/h) 18

® Reference 48( 4{'} ? 6)

SLIDE No. 17: G. Brusaglino, from Reference 30 (upper table).
"E.J. Cairns, E.H. Hietbrink, from Reference 4 (lower table).
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Table 6
AM General DJ-5E Design and Performance
Characteristics
a

GVM. kg , 1955
Payvload. kg 306
Battery mass, kg 586
Cargo space, m’ 1.7
Acceleration time, sec (0-18 km/h) 20
Gradability

Speed on 10% grade, km/h 22.4
Range, km

Constant speed of 48 km/h 43

Postal cycle 40

0.4-0.5

Energy consumption, Wh/kg km

~ , 142 9
AG VM - 7ross v:LZaQ.e., eSS

hée{va7 o—d service vVaa
Table 7
GMC Design and Performance Characteristics®

GVM? kg 3682

Payload, kg 682

Battery mass, kg 1137

Lezd-acid battery mounting Single pack under vehicle

Safety Full EMV'SS%compliance

Drive train Direct current series motor with chain drive gear
reduction and solid state continuous electronic
speed control

Brakes Vacuum assisted hydraulic with electrical regenera-
tion

Acceleration time, sec (0—-48 km/h) 12

Grade limit, % 20

Top speed, km/h 80

Range on SAE J227a “C,” km 64

* From Reference 53(47?9). Gwr...ﬂ ,‘144’.;(; Corrorgﬁ‘n‘

‘ ] -
CVH =z A—oss velicle annss S
CFHMVSS 3 Qelersl aotor wz:ugc s fety ctada-s

SLIDE No. 18: E.J. Cairns, E.H. Hietbrink, from Reference 4.
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Energy ! Wheel
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t | J
|
Electricity !
Generation ! Motor Mechanical
d 4 Battery and Drive
an. . ! Controller
Transmission :
1
ELECTRIC | ELECTRIC .
Drive
1
uTILITY : VEHICLE Wheel
Figure 1. Electric vehicle schematic.
Primary { .
"Energy { Drive
Source | Whesl
T ! [
{
Fuel |
Processing | Fuel Combustion Mechanical
and : Tank Engine Orive
Distribution |
- l [
FUEL PROCESSING 1 COMBUSTION ENGINE Drive
PLANT | VEHICLE Wh
| . eel

Figure 2. Combustion engine vehicle schematic.

SLIDE No. 20: E.J. Cairns, E.H. Hiet'brink,_from Reference 4,
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Tobella 2 - Caratteristiche delle botterie Magneti Marelli

Botterio trozione

BaHeria ousiliaria

Tipo

Numero
Copacita

Peso

Peso complessivo

elemento HK 21
120 elementi do 2 V
1450 Ah/5 h
86 kg

11 tonnellate

batteria 6 STV 13
6 botterie da 12 V
150 AW/10 h
39 kg
235 kg

percorso fino ol lido.

L'impiego di elementi HK 23 o

pari tensione (circo 13 tonnellote) pud estendere il

Gli elementi HK ufilizzano piasire positive e tubetli do 10 mm

ACTV

VENEZIA

31"7- i :
Vel H H . .
l i ; : V/et i
: i : { I
2.)&& : 11:~be~1¥=~<;
! i
: i
! |
: . : QA(2)
stato di carica(4) i n |
1007 1 V—M )
587)...ceeq-- [N SRR TS I P by 250
5017
i(A) .
0 0
N \ 250
L v v ¥ V
0 37 6 9 12 15 2 . 24

Fig. 4 - Andamento

SLIDE No.

22: G. Clerici,

dello stato di carica della batteria durante il ciclo giornaliero.

from Reference 21.
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Fig. 43. Section of an individual hydro-
gen-oxygen cell with gas and electro-
lyte circulation: a, gasket; b, frame;
c, gas chamber; d, clectrolyte; e.
porous metal plates: f, supporting
grids as current collectors.

A) H, +20H7 2 21,0 42¢"
C) '1/2_02,“' H O +2e™ = 20H~
PL“’ 4/2’01-: HLO

GAS

CONTATTO TRIPLO /

GAS/SOLUZIONE[ELETTRODO

ELETTRO00 POROSO

Fig. 26.5. Configurazione di un elettrodo poroso a gas. -

SLIDE No. 25




elettrodo

: 7
4 .. g //’/ . j
T - = — -
— menisco P P .Y 2X Cos ©
2r — - clettrolita —_ o33s } t r
et N
L T Tt . . = o . n_r
A zona di contatto (AP ™r X( s@ -2 )
Ry A tritasico
[ 77 e 7]
e el ..',.. . L'.-I. ...

Fig. V1.10 — Elettrodo poroso: zona di contatto trifasico substrato-elettrolita-gas.

1 ~ -
3
g 05 ]
fx
0 05 1 S
x/h

Fig. \_’I.ll - Distribuzione tipica della corrente di riduzione déll'ossigeno presso il menisco:
z = distanza dalla base del menisco; h = altezza visibile del menisco; iz = densita di corrente
locale; im,x = densita di corrente massima.

SLIDE No. 26: P. Gallone, from Reference 2.




Fig. 17 Schematic cross-section of a bi-perous electrode.

Water repellant
Catalyst/conductor ! .

Solution

3.31 Schematic view of the interphase at a porous matrix air electrode.

SLIDE NO. 27: M. Lazzari, from Reference 7 (lower figure).
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« peso 8500 kg;

« ingombri 2,6 x 3,2 m, altezza 2
« rendimento elettrico 38,5%;

« rendimento totale 80%;

- energia termica disponibile a T
« calore non utilizzabile (dispersi
« alimentazione con gas di rete;

« necessita di collegamento con

- emissioni:
-SO, =max 5mg/Nm?
-NO, =max 15mg/Nm?
-CO =max 150 mg/Nm3
- particolato = max 5 mg/Nm?

- potenza elettrica erogata in circa 50 kW,;

elettrica nelle fasi di avviamento e fermata;
« esercizio non in paralleb alla rete
con carichi indipendenti resistivi o reali;

2 m;

max = 70 °C;
oni) 20%,;

la rete

SNAM ENIRICERCHE MiLA N
AEM MiLANO

Tabella 1 ~Caratteristiche di interfaccia, dati di progetto e prestazioni attese ‘“'

- Ambiente temperatura minima ~ -15°C -+ Emissioni NOx 30 mg/Nm3
temperatura massima 40°C SOx 0,6 mg/Nm3
umiditd fino 10 100% particolato non rilevabile

« Area occupata totale edificio 1600 m2  « Rumore continuo 45 dBA., .
area dimpianto 700 m2 sporadico 55dBA

« Combustibile tipo gas naturale  + Caratteristiche potenza c.c. 1340 kW
pressione 1,2 bar elettriche potenza netta a.c. 1180 kW
P.CL 8280 kCal/Nm3 tensione alla rete 23 kV
Zolfo totale 30 mg/Nm3 frequenza 50 Hz
Azoto 2,1 % (vol) armoniche totali - <5%

potenza netta a.c./
P.C.1. gas naturale 40%

alta temperatura 840 Mcal/h
bassa temperatura 280 Mcal/h

« Rendimento
elettrico

» Calore reso
in aerotermo

« Caratteristiche campo di potenza 30+100% -
variazione di carico 10%/min

operative
« Tempo di da freddo 6 ore
avviamento  da stand-by 10 min

SLIDE No. 31: D. Casati, V. Quinto, from Reference 26 (upper table).

"V. Cincotti, D. Sardone, M.
(lower table).

Sparacino, from Reference 27
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SLIDE No. 32: A. Dufour, F. Galbiati, from Reference 16.
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SLIDE No. 34: H.A. Liebhafsky, E.J. Cairns, from Reference 1.




ACCUMULATOR

MAIN BUSSES
+ +
sus
ne

-

TLECIRICAL

1UIL o

o= z
e 3
5 S
v
ot
[ #3335 Nde COOUNT
REACTANT
PREHEATER
/ ¢ !
tow k_v Mo
) () L
RADIATOR

Fic 14.11-1 Fucl-cell system for Gemini spacecralt (9).
Sleck: 32 cells e serics (0,78 V),
diteogions 22,5 %22, X 42,S
B*H«'?: 3 stacks i l"'—"l'e“g‘ s LOA, 25V, 4e\W/

32 s pfenk
]
!
b CeLL: 1,/ 1E8/0, 1
ACTIVE AREA.T°x 8" ;
STACK: 32 CELLS IN SERIES '
sol- BATTERY: 3 STACKS IN PARALLEL z
-
g =k
>
o
(T}
£
-t
g - [
|
?
i
c' ' i ) ' ' . :
734 9 5 < s
SATTEAYD H 10 is 29 2¢ 1 3z <0 2c 20

CURRENT, AMpEass

Fig. 14.11-5 Performance curves for stack and battery of Fig. 14.1-1. The lower cur-
rents are for the battery.

SLIDE No. 35: H.A. Liebhafsky, E.J. Cairns, from Reference 1.
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DNP stack characteristics

design power 5 kW
voltage 50V
current 100 A
anodic feeding tydrogen
cathodic feeding air
anodic flow rate 2 stech.
cathodic flow rate 2 stech.
gas humidification stack integrated
operating pressure 3 bar
operating temperature 70 °C
cooling fluid H20 demi
cooling fluid flow rate 2 m3/h
stack weigth 130 kg
stack dimensions 1100 mm L
300 mm H
300 mm W
power density 0.038 kW/kg
(present - 1993) 0.050 kW1l
power density 0.063 kW/kg
(expected - 1555) 0.062 kW/I
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SLIDE No. 36: G. Bianchi, from Reference 29 (figure).
C. Mantegazza, B. Marcenaro, from Referemee 35 (tables).
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Bus Characteristics

Configuration 12 m Fucl cell type PEM

Max.speed 60 kav/h Fuel consumption {15 kg LH2 per 100 km
M. slope 16% Fucl cell power 35 kW

Passenger capacity | 100 Traction system 600 VAC clectric drive
Operating range 300 km Traction power 120 kW nominal

Fucl Liquid H2 | Buffer battery Pb-Acid 600V - 100 Al

Block Diagram

Liquid Hydrogen
Sturdge
Fuel Cell

oC AC Motor

l Battery I 4 ]

Fig. 1 - Traction system schematic

oc {ﬂr. oc L EIeclt)

EQHHPP - bus layout

4

fi! ei‘ ] NI
@ o 1 Fuel cell system S Power electronics

2 Hydrogen recirculator 6 Alr compressor
3 Battery 7 Cooling clreuit pump
ANEitDO 4 Liquld hydrogen storage 8 Selety walls

SLIDE No. 37: C. Mantegazza, B. Marcenaro, from Reference 35.
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SLIDE No. 42: by courtesy of De Nora Permelec S.p.A.
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SLIDE No‘ 43: K.H. Simmrock, from Reference 8.
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Table. 2 Chlor-alkali applications for O, cathodes in
conjunction with membrane cells

1. H, generating membrane cell

' A

{

(DSA) C1,[NaCl (15%) iNaORH (30%) |H, (Fe,cat.) (85°C)
!

Reaction: 2 NaCl + 2 HZO-———>2 NaOH + C12 + HZ

E(Rev) = 2.2 V
E (Actual) = 3.6 V

2. 'Oq (air) consuming membrane cell
— 4L

. |
(DSA) C1,|NaC1(15%)|NaOH(30%) [air (cat.) (85°C)

Reaction: 2 NaCl + 1/2 O2 + H20'———"2 NaOH + Cl2

E(Rev) = 1.0 V
E(Actual) = 2.5V

3. Recovery of electrical energy from H2 with Hz-air fuel cell

(DSA) C1,[NaC1(15%) |NaoH (30%) |H, (Fe,cat.) (85°C)
Hz(cat.)|H3P04|air(cat.) (190°C)

Overall reactiom: 2 NaCl + 1/2 O2 + HZO-—>-2 NaOH + C12

E(fuel cell-actual)* =~ 0.7 V
E(net) = E (chlor-alkali)-E (fuel cell) =~ 2.9V

*
Assuming phosphoric acid fuel cell operating at &~ 190°C with

cogeneration of heat for evaporation to concentrated caustic.

SLIDE No. 44: E. Yeager, from Reference 5.
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SLIDE No. 45: E. Yeager, from Reference 5.




CAUSTIC SODA PRODUCTION PLANT
WITHOUT GENERATION OF CHLORINE USING
SODIUM CARBONATE / BICARBONATE AS RAW MATERIAL
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February 22, 1992

SLIDE No. 46: G. Faita, from Reference 12.
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SLIDE No. 45: E. Yeager, from Reference 5.




NEUTRAL SALTS SPLITTING BY ELECTROLYSIS
WITH RECOVERY OF CAUSTIC SODA AND ACID

CM : Cation-Exchange Membrane
M : Anion-Exchange Membrane
HA : Hydrogen Depolarized Anode
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February 22, 1992
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47: G. Faita,

from Reference 12.
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