
rom the time that the vast and far-
ranging Union and Confederate 

armies of the American Civil War ex-
ploited the advantages of instantaneous, 
long-distance communication by elec-
tric telegraph, batteries have played a 
key role in military technology. Civil 
War telegraph engineers had to rely on 
the Grove cell, which wasnôt recharge-
able and emitted hazardous nitric oxide 
gas. Despite the drawbacks of that early 
technology, the military has relied on 
storage batteries ever since.

When the Civil War began in 1861, 
the rechargeable lead-acid battery was 
in its infancy; having been invented just two years earlier by Gaston 
Plant® of France. Remarkably, the basic chemistry and functionality 
of lead-acid technology have remained essentially unchanged.

In the intervening 148 years, batteries have come to play a va-
riety of key roles in all branches of the worldôs military forces. 
Communications remain an important application, as they were in the 
1860s. It was, however, with the advent of mechanized warfare in the ý rst 
half of the 20th century that batteries acquired a new signiý cance as 
an essential part of the modern military inventory. 

The logistical need for standardization has made the 6T lead-acid 
battery the workhorse for some 95% of U.S. military vehicle applica-
tions. In addition to vehicles, the 6T is used in generators and a variety 
of other support equipment requiring a large-capacity, stable power 
supply. The U.S Army currently spends approximately $75 million 
annually on 6T batteries alone.

Battery reliability in military applications is critical. Lives 
depend on it. At the same time, these applications place demands 
that push the nearly 150-year-old lead-acid technology to the 
limits of performance and beyond. Punishing conditions of se-
vere vibration, temperature extremes, and prolonged idle states 
place extraordinary demands on these batteries. Furthermore, 
the logistics costs stemming from the weight as well as the 
need for frequent battery replacement are formidable. Accord-
ing to a recent National Research Council report, it required an 
estimated $500 million to ship (not purchase) the batteries used in 
Iraq during Operation Desert Storm, waged from 1990 to 1991. 
Today, it costs $35,000 per ton to air-ship supplies to a combat theater. 
The need for a better battery technology is obvious. (Shown in Figure 
1 is a battery stockpile in Iraq from the most recent conþ ict). 

A breakthrough technology patented by Fireþ y Energy is being 
developed to provide the U.S. military with a cost-effective alterna-
tive to conventional lead-acid technology.  Without altering the basic 

lead-acid chemistry, the technology 
developed by Fireþ y has shown such 
promise that the U.S. military has 
so far contracted for more than $5 
million to enable Fireþ y to adapt the 
battery technology for stringent 
military vehicle applications.

The key to Fireþ yôs technology 
lies in the replacement of the solid 
lead grids in lead-acid batteries with 
something new. In place of the con-
ventional grids, Fireþ yôs Microcell 
technology uses a carbon-graphite 
material having an extremely porous 
ñfoamò structure with hundreds or 

thousands (depending upon the chosen pore diameters) of spheri-
cal cells (shown in Figure 2). The new grid material is impregnated 
with a slurry of lead oxides. This composite material is then formed 
up to the sponge lead and lead dioxide in the normal fashion. This 
creates a unique new cell architecture in which the electrolyte 
is redistributed from the smaller separator reservoir of a conventional 
battery to the pores of the foam plates themselves.

The primary advantage of this new structure is that it yields greatly 
enhanced utilization levels of the lead-acid chemistry, because each 
microcell has its full complement of sponge lead or lead dioxide and 
sulphuric acid electrolyte. Liquid diffusion in conventional lead-acid 
batteries occurs in a single direction along direct pathways on the order 
of millimeters. Within the discrete microcells that collectively make up 
a new type of electrode structure (what Fireþ y calls a 3D electrode), 
liquid diffusion occurs in all directions along direct pathways on the 
order of microns. Such a structure results in much higher power, greater 
energy delivery, and faster recharge capabilities relative to conventional 
lead-acid batteries.

The use of porous, three-dimensional carbon graphite composite 
material to replace the lead metal grids in either þ ooded or valve-
regulated (sealed) lead-acid battery designs will release the full power 
potential of the lead-acid chemistry for energy storage. This delivers 
a formidable jump in speciý c power, energy and cycle life. Fireþ yôs 
advanced battery technology yields performance comparable to 
advanced materials batteries (lithium and nickel), but can be built for 
a cost similar to conventional lead-acid batteries, which is one-ý fth 
the cost of advanced materials technology.

Fireþ y is concurrently developing two versions of its advanced 
technology. The ý rst of these, ñ3D,ò uses Microcell Technology for 
the negative plate while maintaining a conventional lead-metal positive 
plate. The more advanced technology, dubbed 3D2, uses the carbon-
graphite foam composite material for the positive and negative plates 
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within the battery. For the purposes of this 
article, the term ñ3Dò is used to generically 
describe the carbon-graphite composite cell 
structure.

Although lead-acid batteries are the least 
costly rechargeable energy storage products in 
the world to manufacture, the extensive use of 
lead gives them an exceptionally large footprint 
and weight. This limits their form factors and 
overall usability in new product designs and 
advanced applications. In addition, most lead 
battery plates (more than 100 in a typical large 
lead-acid battery) only use 20% to 40% of their 
surface area during each discharge over the life of 
the battery. This creates even more inefý ciencies 
in power-to-weight ratios. Microcell technol-
ogy directly addresses this issue in two ways. 
First, by eliminating most of the lead within the 
plates themselves, substantial weight reductions 
are achieved. Second, the greater efý ciency and 
material-utilization characteristics of the carbon-
graphite foam cells allow the plates to be much 
smaller than conventional lead-acid battery cells 
with comparable output.

In 3D2 technology, volume and weight reductions 
of as much as 50% relative to comparably perform-
ing conventional lead-acid batteries are projected 
(Figure 3). This approaches the power density 
levels of much more expensive advanced materials 
batteries such as NiMH or Li-ion. 

Lead-acid batteries are severely affected by cold temperatures. 
This is due to an increase in internal resistance caused by a ñslowing 
downò of the batteryôs chemical reaction and ion diffusion rates. As a rule 
of thumb, reaction rates are cut in half for each 10 ÁC drop in temperature. 
ñCold crankingò is a discharge that needs a high current, meaning a lot of 
active material conversion in a short time. This is directly related to 
the amount of electrode surface area covered with active material that 
is available for conversion.

Sizing a lead-acid battery for starting applications at ï18 ÁC, for 
example, requires an approximate 200% size increase over a battery 
with the same capacity at room-temperature operation. A battery 
designer might contemplate making the lead metal grids thinner, 
thereby increasing the amount of chemistry that could be placed in 
a given-size battery box. However, because of an acknowledged 
corrosion rate for the positive lead grids in lead-acid batteries, trying 
to increase cold temperature starting power by increasing electrode 
surface area, without ñsizing upò the overall battery, results in severely 
compromised warm-temperature longevity.

Fireþ yôs 3D and 3D2 products have outstanding discharge perfor-
mance at low ambient temperatures relative to commercial þ ooded 
lead-acid and valve-regulated lead-acid (VRLA) batteries. This is due 
to the extremely high available surface area of the carbon-graphite foam 
material. At high discharge rates or low temperatures, the discharge 
performance of a typical lead-metal-based negative plate limits a cellôs 
output, due in large part to the relatively low surface areas of conven-
tional planar negative plates. The Fireþ y Microcell electrode is ideal 
for discharge (and charge) conditions where electrolyte diffusion is 
limited by surface area, diffusion distances or temperature.  Diffusion 
rates at low temperatures are reduced in a 3D cell just as they are in 
conventional lead-acid batteries. As previously discussed, however, 
the distances traveled to react with the sponge lead are much smaller 

for the new cell architecture. This enhanced 
electrolyte supply also results in higher, þ atter 
voltage-time curves on discharge, which means 
higher energy outputs when combined with the 
lower current densities that accrue from the 
large available surface area of the foam. This 
is reþ ected in Table 1.

As the temperature is lowered, the power 
required to start an internal combustion engine 
increases (due to increased oil viscosity), while 
at the same time the power available from the 
battery drops, speciý cally to 40% of what 
can be provided at ambient temperature for 
the case when the car is started at ï18 ÁC. By 

comparison, Fireþ y 3D battery technology can 
provide 69% of its ambient-temperature power at 
ï18 ÁC. This means that an engine-start battery 
based on Fireþ yôs 3D technology could be sized 
smaller to have the same cold-crank amps, or it 
would be more powerful and last longer if its 
size were comparable to a conventional lead-acid 
battery.

The optimum operating temperature for a 
lead-acid battery is 25 ÁC (77 ÁF). As a rule of 
thumb, every 8 ÁC to 10 ÁC rise in temperature will 
accelerate the corrosion rate of the lead metal 
grids by a factor of two and result in premature 
failure for the battery. This is a simple calculation 
based on ý eld observations and on the increased 

chemical activity at higher temperatures. Lead grids corrode in the 
acidic electrolyte in the presence of lead dioxide, the positive-plate 
active material. High ambient and operating temperatures accelerate 
this process.  

Fireþ yôs 3D battery technology has superior performance in terms of 
thermal management. The heat-transfer characteristics of the carbon-
graphite foam are better than metals such as aluminum and copper, and 
approach that of a diamond. Figure 4 shows thermal images taken of 
a Fireþ y 3D cell and a comparable commercial VRLA lead-acid cell 
to illustrate further the heat-transfer superiority of carbon-graphite 
foam. Both cells were subjected to a 5-C-rate (12 minute) discharge, 
with thermal images taken every 15 seconds. The colors correspond 
to temperatures above ambient, with the green near or at ambient and 
the white some 10 ÁC above ambient.  

From Figure 4 it can be seen that the Fireþ y cell runs cooler overall 
and the temperature gradient down the negative foam plate is more 
uniform than for the conventional VRLA cell. This is true even though 
the Fireþ y cellôs discharge lasted about 2.5 minutes longer.  More inter-
esting, this temperature scan shows that the conventional positive plate 
used in the Fireþ y 3D cell has a cooler, more uniform heat signature 
throughout the discharge relative to the other VRLA cellôs positive 
plate, again illustrating the outstanding heat-transfer performance of 
the negative foam electrode. It not only dissipates the heat generated 
on itself, but also absorbs heat away from the positive plate and out of 
the cell. While not shown, the same will be true during recharge and on 
þ oat, thus suggesting that where positive grid corrosion is the failure 
mode, lifetimes will be longer in Fireþ yôs 3D technology.  It will also 
make ultrafast recharging more feasible for 3D batteries.

The thermal response patterns for these materials mean that 
graphiteôs heat-transfer performance is outstanding. Thus, batteries 
made with graphite-foam electrodes will transfer heat out of the battery 
rapidly, as it is generated by the electrochemical reactions taking place, 
thus making thermal runaway less likely and enabling overall ñcoolò 
operation compared to conventional lead-acid batteries. The fact that 

for the new cell architecture. This enhanced 
electrolyte supply also results in higher, þ atter 
voltage-time curves on discharge, which means 
higher energy outputs when combined with the 
lower current densities that accrue from the 
large available surface area of the foam. This 
is reþ ected in Table 1.

required to start an internal combustion engine 
increases (due to increased oil viscosity), while 
at the same time the power available from the 
battery drops, speciý cally to 40% of what 
can be provided at ambient temperature for 

comparison, Fireþ y 3D battery technology can 
provide 69% of its ambient-temperature power at 
ï18 ÁC. This means that an engine-start battery 
based on Fireþ yôs 3D technology could be sized 
smaller to have the same cold-crank amps, or it 
would be more powerful and last longer if its 
size were comparable to a conventional lead-acid 
battery.

lead-acid battery is 25 ÁC (77 ÁF). As a rule of 
thumb, every 8 ÁC to 10 ÁC rise in temperature will 
accelerate the corrosion rate of the lead metal 




