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Table 7. Comparison of fuel cell technologies.[48]

MANUFACTURING AND TESTING

Fuel Cell Common Electrolyte Operating System Electrical Combined Heat Applications Advantages
Type Temperature,  Output, Efficiency, % and Power (CHP)
°C kw Efficiency, %
Polymer Solid organic polymer 50-100 <1250 53-58 70-90 * Backup power ¢ Solid electrolyte reduces
Electrolyte  poly-perfluorosulfonic (transportation) (low grade ¢ Portable power corrosion & electrolyte
Membrane  acid 25-35 waste heat) * Small distributed management problems
(stationary) generation * Low temperature
* Transportation Quick start-up
* Specialty Vehicles
Alkaline Aqueous solution of 90-100 10-100 60 >80 (low grade ¢ Military ¢ Cathode reaction
potassium hydroxide waste heat) * Space faster in alkaline
soaked in a matrix electrolyte, leads to
higher performance
* Can use a variety
of catalysts
Phosphoric  Liquid phosphoric 150-200 50-1000 >40 >85 ¢ Distributed ¢ Higher overall efficiency
Acid acid soaked in a (250kW generation with CHP
matrix module ¢ Increased tolerance to
typical) impurities in hydrogen
Molten Liquid solution of 600-700 50-1000 45-47 >80 * Electric utility ¢ High efficiency
Carbonate  lithium, sodium, (250kW * Large distributed * Fuel flexibility
and/or potassium module generation * Can use a variety
carbonates, soaked typical) of catalysts
in a matrix * Suitable for CHP
Solid Oxide Yttria stabilized 600-1000  <1-3000 3543 <90 * Auxiliary power ¢ High efficiency
zirconia ¢ Electric utility * Fuel flexibility

conductive medium, or electrolyte, and an electrically conductive
path. When the electrodes are electrically connected, electrons are
generated via an oxidation-reduction reaction and flow across the
conductive pathway from the anode to the cathode, while ions
migrate through the electrolyte. Batteries can store chemical ener-
gy when the conductive path is not connected.

The increasing number of electronic devices being used by
deployed forces puts a greater emphasis on developing longer
lasting, lightweight batteries. Many efforts are focused on more
efficient batteries which have a higher energy density. Energy
density refers to the ratio of power a battery can supply relative
to its own weight. There are many variations in battery design
and deciding on the proper battery for a given application
depends on the nature of use and the environment in which
the battery will be operated. Discharge temperature, rate of
discharge, ventilation, mobility, weight, and repeatable use, are
among the main design considerations for batteries. Batteries can
essentially be placed in one of two categories: primary and secondary.

Primary Batteries

Primary batteries, also known as disposable batteries, generate
power with an irreversible reaction, and thus it is not practical to
recharge them. Once the initial reactants have been depleted, the
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* Large distributed
generation

e Can use a variety
of catalysts

¢ Solid electrolyte reduces
electrolyte management

problems
* Suitable for CHP
* Hybrid/GT cycle

battery is no longer useful for power applications, however many
still have some value and can be recycled.

Alkaline Batteries

Alkaline batteries are one common type of disposable battery and
have remained popular because they typically offer higher power
densities than rechargeable batteries. Their high power capacity is
due to their high electrochemical efficiency and makes them
favorable for long duration discharge.[53] However, they are not
well suited for all applications and provide poor performance
under high drain applications over 75 ohms.

Alkaline batteries typically have zinc (Zn) and manganese diox-
ide (MnO2) electrodes and are named for their electrolyte, which
is an alkaline compound (potassium hydroxide). Zinc and man-
ganese dioxide react through the potassium hydroxide electrolyte
to form zinc oxide (ZnO) and a manganese oxide (Mn,O3).[54]

Zinc-Carbon Batteries

Based on the Leclanche cell, zinc-carbon batteries offer the
cheapest primary battery design but weak performance.[55]
They are comprised of a zinc anode, which also serves as the
battery case; a carbon rod that serves as the cathode and is sur-
rounded by manganese dioxide and carbon black; and a paste of
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ammonium chloride and zinc chloride, which serves as the elec-

trolyte.[56] They are considered to have a good shelf life.

Mercuric-Oxide Batteries

Mercury (Hg) has been used as an additive in batteries for well
more than a hundred years, and it is still used today despite the
known environmental effects. The use of metallic mercury as an
additive by US manufacturers has diminished dramatically over
the past several decades primarily due to federal law, but other
mercury-based compounds are still used in regulated fashion.
Alkaline button cell batteries are permitted to contain up to 25
mg of Hg. Other types of button cell batteries, such as zinc-air
and silver oxide, contain small amounts of mercury (i.e., average
content less than 25 mg).[57]

In mercuric-oxide batteries, the cathode is zinc, the elec-
trolyte is potassium hydroxide and the mercuric oxide (HgO)
serves as the anode. The Mercury-Containing Battery
Management Act of 1996 prohibits the sale of the button cell
form of mercuric-oxide batteries, and the larger variety of these
batteries are regulated and restricted to military and medical
use.[57] These batteries are carefully managed and recycled.

Zinc-Air Batteries

Atmospheric oxygen can be used as the oxidizing agent for elec-
trochemical cells. The use of an abundant and widely available
resource for the oxidizing agent or cathode reactant allows zinc-
air batteries greater zinc anode capacity and therefore other
attractive performance properties. For example, zinc-air batteries
have five times the anode capacity compared to conventional
zinc-anode batteries.lviii Zinc-air batteries use zinc for the
anode, air as the cathode reactant and potassium hydroxide as
the electrolyte. Advantages of zinc-air batteries include high
energy density, constant discharge, good shelf-life, and low oper-
ating cost.

Secondary Batteries

The ability to recharge a battery or reverse the chemical reaction
in the cell by supplying electrical energy to the cell is the defin-
ing characteristic of secondary batteries. Rechargeable batteries
do not have an infinite lifecycle and ultimately will begin to lose
their ability to hold a charge for a number of reasons such as dis-
sipation of the active materials, loss of electrolyte and internal
corrosion.

Lead Acid Batteries
The lead-acid battery is a rechargeable wet cell battery suitable
for applications where weight is not as critical of a factor. Their
construction includes a liquid filled container which must
remain upright and well ventilated to release volatile hydrogen
gas: a product of overcharging. Lead plates serve as the elec-
trodes, and the electrolyte is a sulfuric acid (H,SOy) solution.
Although lead-acid batteries possess a poor energy-to-weight
ratio they can provide a high power-to-weight ratio and are rel-
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atively cheap to manufacture, thus making them the optimal
choice for many applications. Even as the oldest form of
rechargeable battery, they are still the most popular choice for
automobiles and other vehicles that need to provide high current
to a device such as an electric starter.

Lithium-lon Batteries

With a higher energy-to-volume ratio, sealed dry cell batteries
are well suited for portable power applications. There are sever-
al different material combinations which can be used for the
chemical reaction in dry cell batteries. Nickel-cadmium (NiCd)
and nickel metal hydride (NiMH) are of the most well known
battery types with lithium-ion (Li-ion) currently being the most
popular and fastest growing,.

Li-ion batteries contain a lithium ion which travels between
the anode and cathode when discharging. When electricity is
added to the cell the ion moves in the reverse direction, from
cathode to anode, thereby charging the battery. The electrodes
of a lithium-ion battery are made of lightweight lithium and car-
bon. Lithium is a highly reactive element that stores a large
amount of energy in its atomic bonds. Thus, a high energy den-
sity is obtainable with Li-ion batteries. The voltage, capacity, life,
and safety of a lithium ion battery can change dramatically
depending on the choice of material used for the anode, cath-
ode, and electrolyte. This design flexibility is favorable but can
also make them dangerous if they are not implemented correct-
ly. As higher charge densities are achieved in Li-ion batteries
safety concerns and related manufacturing costs increase. Li-ion
batteries are very popular choice for portable electronics because
they have an excellent energy-to-weight ratio, do not maintain
memory, and have a slow self-discharge when not in use.

Nickel-Cadmium Batteries

NiCd batteries are capable of producing large surge currents
which is ideal for devices which require a large current such as
power tools. The use of cadmium, a toxic heavy metal, how-
ever, makes them an environmental hazard and requires special
disposal. NiCd batteries primarily compete with alkaline bat-
teries. While they cannot match the charge capacity of alkaline
batteries they have the advantage of being rechargeable.

Nickel Metal Hydride Batteries

NiMH battery uses a hydrogen-absorbing alloy for the negative
electrode instead of cadmium. They can have up to three times
the energy density of an similarly sized NiCd battery and have
been a popular battery choice for hybrid vehicles. In comparison
to the Li-ion battery NiMH batteries have a lower charge densi-
ty and therefore offer inferior performance in many portable
electronic devices. Additionally, their high self discharge rate
makes them impractical for many slow discharge devices such as
clocks or remotes. They are better suited for high-rate discharge
than alkaline batteries due to their lower internal resistance. For
instance, in digital cameras, NIMH batteries can sustain a con-
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stant voltage at high current discharge for a longer period of time
and of course maintain the added benefit of being rechargeable.
NiMH batteries tend to have the quickest rate of self discharge
and are a poor option for long term energy storage.
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* Aliphatic compounds are organic molecules comprised of hydrogen
and carbon atoms bonded together in the form of a straight chain.

1 Paraffins, also known as alkanes, are saturated hydrocarbons, in which
carbon atoms are singly bonded to other carbon atoms and hydrogen
atoms.

+ Naphthenes, also known as cycloalkanes, are saturated hydrocarbons
containing at least one ring of carbon atoms.

§ Aromatics are hydrocarbons that have hexagonal ring structures with
alternating single and double bonds between the carbon atoms.

** Olefins, also known as alkenes, are unsaturated hydrocarbons contain-
ing at least one double carbon-carbon bond.

11 Flash point is the minimum temperature needed for the vapor above
a volatile liquid to form an ignitable mixture with air. At the flash point
there is just enough vapor in the air above the liquid to make the mix-
ture flammable and able to release its energy through combustion.

it A secondary energy source is energy derived from another energy
source. Gasoline and other refined fuels can be categorized as a second-
ary energy source.

§§ Compression Ratio: A value that represents the ratio of the volume of
a combustion chamber from its largest capacity to its smallest. It is one
of the fundamental specifications given for modern combustion engines.
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