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Today’s changing smart grid -- and the addition of alterna-
tive energy sources -- requires efficient and safe energy
storage methods to help improve grid stability and address
growing power quality, reliability and energy security needs.
The new grid infrastructures taking shape across the globe
are just beginning to take advantage of energy storage sys-
tems to support those times when the sun doesn’t shine or
the wind doesn’t blow. Similarly, heavy-duty transportation
applications require energy storage solutions that are safe,
reliable and able to withstand the rigors of the road.

Lithium-ion batteries are an ideal energy storage solution that
deliver a high energy and power mix, high cycle times and
calendar life suited to these applications. However, recent,
isolated events within the battery community have cast a
shadow on the lithium-ion battery industry. In reality, given
current technological advances, lithium-ion batteries can offer
one of the safest solutions available.

Whether energy storage systems are powered by batteries,
mechanical storage, or compressed or pumped-hydro elec-
tric, they all carry some challenges in the way they capture
and contain energy. But, the risks involved with energy stor-
age are not unique to electricity. Since the industrial age fos-
sil fuels, which are a form of stored energy, have presented
safety problems across the entire process of extraction, refin-
ing and delivery. However, we are all familiar with the dan-
gers and the steps required to safely use fossil fuels. Does
this make fossil fuels safer and electrical energy storage
systems more dangerous? No, but the risks are different.
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Energy storage systems, like any energy or power
system, carry some degree of risk. With today’s
technology, these risks are largely understood and
can be effectively reduced or mitigated.
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phases are managed in a controlled manner to ensure
the system performs reliably and safely.

Nearly everyone is familiar with Aristotle’s saying, “The
whole is more than the sum of its parts,” and nowhere

is this more true than in the design of an energy storage
system. The saying also underpins EnerDel’s safety phi-
losophy, which in one word, can be stated as “holistic.”
With any energy storage system, safety must begin at
the lowest component level, but must also include every
subsequent building block that goes into producing the
entire system. Each and every level of assembly adds to
the amount of stored energy, but it also adds complexity,
which must be managed properly to ensure safety.

Safety Begins at the Cell Level
While cell chemistry, packag-
ing, design, and manufactur-

ing are each important build-

ing blocks in EnerDel’s holistic
approach to lithium-ion battery
safety, cell chemistry is a criti-
cal starting point.

The essential parts of a
lithium-ion battery cell are the
cathode, anode, separator,
electrolyte, packaging, and
tabs. The cathode is a mate-
rial that contains lithium ions
within its crystal structure.
The anode accepts the lithium
ions from the cathode dur-
ing charge and then releases
them during discharge. The
separator, which electrically
isolates the cathode from the anode to prevent internal
short circuits, contains small pores that allow the lithium
ions in the electrolyte to travel between the cathode and
anode during charge and discharge (see Figure 1). The
cell package contains the cathode, anode, separator, and
electrolyte, while tabs allow electrical connections to be
made. Careful selection of these components and cell
design improve the safety, life expectancy and perfor-
mance of a lithium-ion cell.
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Figure 1: Diagram of a discharging lithium-ion cell
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Cell chemistry selection - EnerDel’s cathode material is
a mixed oxide, namely lithium nickel manganese cobalt
(NMC) oxide. The earliest available cathode material for
lithium-ion cells was lithium cobalt oxide (LCO), which is
still used in batteries for small consumer products, such
as mobile phones and laptops. EnerDel’s NMC cathode
material is inherently safer than LCO; it has a thermal
runaway onset temperature that is 50 degrees Celsius
higher than that of LCO. When discussing lithium-ion
batteries, thermal runaway refers to a situation where
the cell temperature reaches a threshold that causes an
uncontrollable rapid release of energy and corresponding
temperature rise resulting in a thermal event, such as a
fire.

EnerDel's anode material is hard carbon. Most com-
mercially available lithium-ion
cells utilize graphite, which
has many positive attributes.
However, hard carbon ex-
ceeds graphite in providing
higher power density and
smaller volume changes when
charged and discharged,
which encourages longer
Li+ mechanical stability and life
expectancy. Hard carbon is
also more resistant to deg-
radation reactions, such as
dendrite formation, and offers
more chemical stability.
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The electrolyte in commercial-
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ly available lithium-ion cells,
such as EnerDel’'s Moxie+
Prismatic Cells, contains
organic solvents and a salt. Familiar battery technolo-
gies such as lead-acid, alkaline, nickel cadmium, and
nickel metal hydride use a water-based electrolyte, which
is compatible to their voltage range of about 1.2V to
2.1V. The higher voltage lithium-ion cell requires use of
organic, solvent-based electrolyte because water would
be decomposed if used. The organic solvents used in
lithium-ion cell electrolyte are flammabile, so it is critically
important that they are properly sealed and contained
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within the packaging. EnerDel cells use just enough
electrolyte to fill the pores of the electrodes and separa-
tor. This minimizes the chance of electrolyte leaking from
the packaging should a breach occur.

The EnerDel separator is a polymer that encases the
cathode and anode electrodes using Z-fold winding,
which immobilizes the electrodes so their alignment is
maintained though the life of the cell. The separator
helps shut down the cell by melting and thus closing its
pores if high temperatures are experienced.

EnerDel’s cells are packaged in laminate, which allows
for efficient packing. Appropriately-sized tabs are eas-

ily sealed into laminate packaging with high mechani-

cal strength. Since the multi-layer laminate consists of
aluminum foil sandwiched between layers of electrically-
insulating polymers, the risk of shorting to the metal case
is eliminated. In contrast, cylindrical cells require the use
of many more parts, which can increase the risk of manu-
facturing flaws and short-circuits.

There are two tabs per lithium-ion cell, one for the cath-

ode and one for the anode. Connections to the external

load are made using these tabs. Many lithium-ion cells

have top tabs that are extremely close to each other. En-

erDel’s cells feature wide-plated tabs situated at opposite

sides of the prismatic cell. This side tab configuration

offers several advantages:

*  Minimizing the chance of inadvertent shorting

*  Wide, opposite tabs support a larger current density
with less temperature rise

*  Wide tabs have a thinner cross section providing bet-
ter sealing characteristics

* Plated tabs are less prone to corrosion, which main-
tain low contact resistance and result in less heat and
longer life expectancy thereby enhancing safety

Cell design - Some lithium-ion cells have a cylindrical
configuration with long sheet of electrodes and separa-
tors wound-up inside. EnerDel’s cells are configured in

a flat stack of electrodes, which results in better unifor-
mity of their electrical, mechanical, and thermal proper-
ties. The flat stack also provides a more uniform current
density enabling prismatic cells to support higher currents
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Figure 2: Infrared image of a 4 Ah cylindrical
cell with 100 A continuous current
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Figure 3: Infrared image of a 4 Ah capacity
prismatic cell with 100A continuous current

with lower temperature rise than cylindrical cells. This
is particularly important in large format cells with high
capacity (See Figures 2 & 3).

Cell manufacturing - EnerDel purchases high-quality
raw materials and manufactures cells according to strict
manufacturing standards to ensure uniformity and con-
sistency. Cell uniformity is essential for safety, durability,
and performance.

Product Design Philosophy

Three key directives of the EnerDel product design
philosophy are care, monitor and manage. Any design
developed by EnerDel must care for the cell, monitor the
health of the cell and manage the cell environment. We
care for the cell by providing a compliant location for it
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to occupy. We monitor cell health through voltage and
temperature measurements, and we manage the cell
environment by giving it a method to better manage heat
dissipation.

Stacked prismatic cells offer benefits in packaging ef-
ficiency and heat removal. However, they present a set

EnerDel designs products with safety as the
paramount consideration stemming from its deep
knowledge of lithium-ion cell behavior.

of unique needs that must be addressed to successfully
package them into a module. The first requirement is
that the cell stack, or the layers of anodes and cathodes
that are interleaved in the prismatic cell, must be stabi-
lized within the module. Whether
the module is used for a mobile or
stationary application, mechanical
retention of the anode and cath-
ode layers is critical. The second
requirement is that the cell must be
allowed to ‘breathe.” This breath-
ing function is the natural expan-
sion and contraction of the cell as
it undergoes charge and discharge
cycles. This is caused by the
transport of lithium-ions within the
cell that results in a natural volume
change or “breathing” of each
electrode.

Terminal

EnerDel addresses stabilization
and volume change needs through
the use of a foam sheet that is
paired with each cell of our mod-
ule design (see Figure 4). The
foam sheet, in conjunction with the
module end-plates and cell ele-
ments, stabilizes the cell stack by
applying a uniform pressure across
the entire surface area of the cell face. The foam hangs
over the active area of the cell creating a ‘picture frame’
around the periphery of the cell stack. In effect, the cell
stack is restrained from any physical movement which

e
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could cause internal shorts. The foam also allows the
cell to breathe by providing a compliant layer between a
cell and its adjacent neighboring cell. In conjunction with
the foam, the module assembly is designed to compress
the cells. This force promotes ionic conductivity and
results in low internal cell resistance and heat generation.
The mechanical pieces that form the module are made
from an electrically-insulating material, which is self-
extinguishing per UL 94. The material is also chemically-
resistant. In addition to providing the backbone for the
compressed cells, the mechanical module also protects
the prismatic cells from mechanical intrusion.

At every electrical connection level, special attention
must be given to connection points. This starts from the
moment the two cell tabs are joined and continues to the
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Figure 4: Expanded view of EnerDel module construction

point where two high voltage power busses are brought
together. Loose connections can be the cause of poten-
tial system failures by creating high electrical resistance
which generates heat. Consequently, this is why EnerDel
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pays close attention to all the mechanical and electrical
connections it makes. Beginning with the mechanical cell
tab joint, dynamic closed-loop torque control is employed
to provide real-time confirmation of joint integrity every
time during manufacturing, which allows non-conforming
connections to be immediately flagged and rejected so
they can be rectified. Also, a threadlocker on the fastener
is employed to ensure that it remains in place throughout
the life of the module.

EnerDel has field-tested thousands of modules using

this joining method and has never experienced a failure.
Module-to-module connections and system connections
are also treated just as carefully. Permanent connections
utilize plated fasteners, torque control and thread-locker
as part of the design requirement. When paired with our
manufacturing and quality systems, we deliver a robust
assembly process. In stationary applications, the ability
to remove a module from the system quickly and easily

is important. EnerDel has developed a tool-less intercon-
nect that is easily removed by maintenance personnel
wearing Personal Protective Equipment (PPE). The tool-
less interconnect provides positive, tactile feedback when
connecting and is designed to meet the directives of “|IEC
60664-1, Insulation coordination for equipment within low
voltage systems”, pertaining to creepage and clearance.

EnerDel utilizes a systems architecture approach that
dictates the system be broken-up into discrete cells of
the appropriate capacity. Starting at the module level,
cells are compartmentalized from their neighbors (see
Figure 4) in one-or-two cell groupings commonly referred
to as an element. Building the system from the module
level up, modules are packed into module groupings.
Sometimes an intermediate package called a sub-pack is
used, which is a method of packaging modules where the
enclosure provides compartmentalization. This detailed
attention to packaging provides the best approach to
mitigate thermal runaway from the lowest building block
to the entire energy storage system.

While cells are an important aspect, other factors must be
taken into account for a successful systems design. For
example, incorrect sizing of high-voltage buss bars and
poor connection methodology can create a high resis-
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tance joint which will become a “hot spot.” In essence,
it can become a bottleneck to the flow of energy which
can become a potential safety issue. A battery system’s
electrical string configuration, including the location of
contactors, fuses and current sensing all the way down
to the sizing of high voltage buss bars, contribute to the
safety of the product.

In a mobile or transportation application, modules are
electrically strung together to form a pack that meets

the demands of this market. EnerDel prides itself with
numerous pack designs that have successfully and safely
provided battery solutions for the transportation industry.
EnerDel has experience in designing packs that meet the
demanding test and validation requirements of the United
States Advanced Battery Consortium (USABC) and the
United Nations Department of Transportation (UNDOT).
EnerDel has designed packs that are exposed to the
elements on the underside of a vehicle and are subject to
crash testing by the manufacturer where the performance
demands placed on the battery pack are significant.

The level of design and testing for EnerDel’s stationary
energy storage system is just as thorough as it is with
EnerDel’s transportation packs. From requirements listed
by the Institute of Electrical and Electronics Engineers
(IEEE), Underwriters Laboratories (UL), to the Interna-
tional Electrotechnical Commission (IEC) and the Uni-
form Building Code (UBC), EnerDel has the experience
to design/build energy storage systems that meet these
requirements.

All of EnerDel’s packs, both mobile and stationary, are
designed to meet the stringent IEC 60529 requirements,
which defines the degrees of protection required for
electrical equipment. Even packaging materials used to
ship our products are designed and tested to ensure the
product reaches its destination in good, safe condition.

Additionally, complementing the Battery Management
System (BMS) safety features, at the request of specific
customers, EnerDel has successfully integrated an op-
tional fully autonomous (independent from control by the
BMS) fire suppression system that is activated by high
heat in both a custom heavy-duty transportation pack and
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a large scale energy storage system.

Battery Management System Design

While the cells provide the brawn of the battery system,
the Battery Management System (BMS) is the brains of
the operation. The BMS coordinates information from the

EnerDel’s Battery Management System is
designed to safely monitor and control the
lithium-ion battery system.

cells, contactors, current sensors and end-user inputs to
continually monitor and adjust the operation of the battery
system. The BMS embedded controllers include soft-
ware with highly developed algorithms for diagnostic and
control decisions. While safety may seem to be the only
function of the BMS, it is important to note that the BMS
is the health care provider that ensures a long lifespan for
the battery system.

The BMS is the mechanism where safety, cell life, optimal
capacity, and application controller communications are
all handled.

At the lithium energy controller (LEC) level, EnerDel’s

BMS design safety protection features include:

*  Cell-level monitoring for over-temperature detection

»  Cell-level monitoring for over-charge detection

*  Cell-level monitoring for over-discharge detection

«  System-level monitoring for over-current / current
surge detection

»  System-level monitoring for contactor malfunction
detection

* High-voltage measurement and isolation detection
implementation (EN 60950 compliant)

*  Cell voltage measurement and cell balance circuit
hardware isolation between electronic controllers
(CAN Bus topology)

*  HVIL/EPO hardware and software ENABLE imple-
mentation

»  Software HEARTBEAT ENABLE implementation for
contactor-CLOSE request

At the system level, EnerDel's BMS design safety protec-
tion features include:
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»  Dual primary contactor implementation

» Automatic service disconnect implementation (some-
times referred to as a mid-pack disconnect)

* High-speed, low arc voltage, low energy let-through
(12t) fuse implementation

» All high-voltage nodes require a minimum of two
levels of fault tolerance

No other BMS electronics on the market today contain
comparable capabilities to EnerDel’'s BMS electronics.
EnerDel has significant intellectual property (IP) tied to
being able to monitor and manage functions like state-of-
charge (SOC), state-of-health (SOH), contactor control,
pre-charge, cell balancing and high voltage isolation
detection.

EnerDel mandates redundant design and management
features in its battery systems to prevent the possibility
for thermal runaway to occur. These features include
the ability to monitor temperatures via a comprehensive
array of sensors adjacent to the cells and controllers, and
correspondingly limit or cease electrical current based on
temperature and/or SOC.

Product Design to Manufacturing Process

From the product concept phase through the manufactur-
ing process EnerDel controls the entire process. EnerDel
employs a careful and deliberate method to ensure we
achieve safe and reliable products. Starting with the
desires of our customers, EnerDel brings each concept

EnerDel employs a careful and deliberate
process to assure that the product design is
faithfully carried out by manufacturing.

to life through the use of cutting edge design tools and
simulation software. Using Computer Aided Design
(CAD) software, 3D models are created and then ana-
lyzed for mechanical and thermal performance. Analysis
software that allows us to perform Finite Element Analy-
sis (FEA) to confirm structural integrity and Computation-
al Fluid Dynamics (CFD) software that helps us confirm
the performance of a thermal management system are all
part of the process. Once a design has met the criteria,
the physical testing and validation process continue the
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maturation of the product. Using proprietary in-house
test methods and those tests spelled out by USABC,
UNDOT, Society of Automotive Engineers (SAE) and IEC,
EnerDel is able to use the validation process to physically
verify the functionality and safety of the design and verify
that the manufacturing process is capable of making the
product as designed. This helps to ensure the product’s
safe operation and performance. EnerDel believes that
the test and validation process is the bridge between the
virtual model and manufacturing a safe physical product.
Also, the manufacturing team is involved from the earli-
est concepts through the maturation of a product. Early
involvement helps ensure a smooth and safe manufactur-
ing process for every battery manufactured by EnerDel.
Industry-leading manufacturing systems such as the de-
liverables of the Automotive Industry Action Group (AIAG)
and the adherence to the advanced product quality
planning (APQP) process help EnerDel achieve customer
production part approval process (PPAP) certification.

Quality Management System

EnerDel employs an automotive-grade quality system
based on AIAG product and manufacturing, development
and qualification processes. Quality begins with a thor-

EnerDel’s Quality Management System (QMS)
helps ensure we build safe products that meet
both our internal and customer demands.

ough understanding of a customer’s requirements and
how EnerDel’s product will be used in the application.
EnerDel uses disciplined document and change control
processes to convey and manage those requirements
throughout our organization to each functional group,
from sales to engineering to shipping.

As product realization moves from design to manufactur-
ing, process flow diagrams, FMEAs, and control plans
are utilized to define and control a manufacturing system
that is built around product requirements and is respon-
sive to variations that might lead to non-conforming prod-
uct. In-process and final testing are employed throughout
cell and pack manufacturing processes to ensure critical
customer and design requirements are met. Special han-
dling methods are defined where appropriate to protect
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fragile or sensitive parts or material. Non-conforming
material is immediately removed from the manufacturing
area, tagged and processed through controlled steps to
ensure it is properly disposed of and does not get mixed
in with conforming, final product. Shainin, Six Sigma and
statistical problem solving methods and tools are applied
to continuously improve our products and processes as
well as to efficiently and effectively resolve manufacturing
issues.

Suppliers are assessed for their capability to deliver
quality parts prior to receiving an order from EnerDel

and the component parts and raw materials they provide
are approved through application of PPAP requirements.
Incoming materials are verified against product draw-
ings and specifications to ensure they meet our design
requirements. Additionally, equipment, gages and instru-
ments used to test product as it is manufactured are all
calibrated to maintain their accuracy.

Summary

Lithium-ion battery system safety is EnerDel’s first and
foremost consideration. From product concept to ship-
ment, EnerDel’s dedication to safety takes a holistic
approach by addressing the care, management and
monitoring of the energy storage system at every step of
the process. We're pleased to provide you with a more
in-depth look at our safety processes, procedures and
protocols. Contact us via email at

Info@EnerDel.com. H+

(LENERDEL



