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Executive Summary
Recent reports by U.S. energy, economic, and defense experts state that it is strategically 
important for U.S. industry to have more of a leadership role in the development and 
production of lithium-ion (Li-ion) batteries, especially next-generation batteries. Dr. George 
Crabtree, at Argonne National Laboratory, has identified a silicon-dominant battery that can 
‘drop-in’ to the current Li-ion battery manufacturing process as a way the U.S. can regain a 
competitive and perhaps a leading position in Li-ion battery production.

Enovix has developed an advanced Li-ion battery that uses silicon as the only active lithium 
cycling material (i.e., 100% active silicon) in the anode to significantly increase energy 
density and maintain high cycle life. The company has applied an equally innovative 
approach to develop roll-to-stack Li-ion battery production tools that ‘drop-in’ to existing 
battery manufacturing lines. Enovix is now executing a three-phase strategy for U.S. 
leadership in advanced Li-ion battery development and production.

In phase one, Enovix is constructing its own production facility in Fremont, California 
to begin commercial deliveries of its 3D Silicon™ Lithium-ion Rechargeable Battery to 
category leading portable electronic device customers in 2022. The value of collocating 
and coupling R&D and production in the same facility is extremely high for process-driven 
advanced battery innovation. The facility also will serve as validation for the Enovix ‘drop-in’ 
production process. 

Phase two of the Enovix strategy is to scale production of its 3D Silicon Lithium-ion Battery 
for portable electronic device applications. Enovix may build additional production facilities 
or partner with established battery producers and help them retrofit their global factories 
to produce Enovix 3D Silicon Lithium-ion Batteries. Retrofitting an existing U.S. production 
facility is expected to be a cost-effective way to increase efficiency and provide defence, 
public safety, and emergency service operations with a secure, reliable supply of U.S. 
developed and produced advanced silicon-anode Li-ion batteries. Scaling production 
for next-generation portable electronic devices will also inform Enovix process-driven 
innovation as the company develops its 100% active silicon-anode Li-ion battery for electric 
vehicle (EV) and battery energy storage system (BESS) markets.

In phase three, Enovix plans to demonstrate that its 3D Silicon Lithium-ion Battery can 
combine the energy density, cycle life, and calendar life required for EV battery and BESS 
market applications, and that its ‘drop-in’ process can scale for low-cost, high-volume 
production. This will support the company's strategy to have its Enovix 3D silicon Li-ion 
technology and production processes adopted by gigafactories through partnerships and 
licensing by the mid-2020s.

Over the coming decade, the Enovix three-phase strategy is to establish U.S. leadership in 
advanced Li-ion battery development and production; serve as a strategic foundation for 
critical, emerging industries such as next-generation portable platforms, electric vehicles, 
and energy storage systems; and help ensure long-term U.S. economic and national 
security. 
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The Need for U.S. Advanced 
Lithium-ion Battery Leadership

Increased global demand for consumer electronics, 

electric vehicles, and energy storage systems have 

made lithium-ion (Li-ion) batteries invaluable in today’s 

global society. China recognized a decade ago the 

importance of establishing a Li-ion cell manufacturing 

base.¹ According to the International Energy Agen-

cy (IEA), China increased its Li-ion cell production 

capacity from 9 gigawatt hours (GWh) in 2010 to 145 

GWh in 2017.² By 2018, China controlled about two-

thirds of the global Li-ion cell production capacity, 

and that is expected to grow to an estimated 73% by 

2021, according to BloombergNEF. In comparison, the 

U.S. controlled only 13% of the global capacity in 2018, 

with no growth expected.³

In written testimony before the U.S. Senate Commit-

tee on Energy and Natural Resources on February 5, 

2019, Simon Moores, managing director of Benchmark 

Mineral Intelligence, said, "We are in the midst of a 

global battery arms race in which the U.S. is presently 

a bystander." Regarding lithium-ion battery produc-

tion, he added, “…those who possess the manufactur-

ing and processing know-how will hold the balance of 

industrial power in the 21st century auto and energy 

storage industries.”⁴ On June 24, 2020, he again pro-

vided written testimony to the U.S. Senate Committee 

which reiterated, “Lithium-ion batteries are a core 

platform technology for the 21st century. A new global 

lithium-ion economy is being created. Yet, any U.S. 

ambitions to be a leader in this lithium-ion economy 

continue to only creep forward and be outstripped by 

China and Europe.”⁵

James Greenberger, executive director of NAATBatt 

International, makes the case that lithium-ion bat-

tery production is strategic to U.S. economic security 

because it is fundamental to other critical emerging 

technologies. He says that advanced battery devel-

opment and production today is analogous to semi-

conductor development and production in the 1980s, 

when Japan was a primary competitive threat.⁶ With-

out a vibrant semiconductor industry, U.S. progress in 

emerging industries such as wireless communications, 

multimedia, and personal computers would have been 

hampered, damaging the broader economy.⁷ Today 

advanced battery development and production is 

strategic to other critical emerging technologies such 

as next-generation mobile platforms, electric vehicles, 

and energy storage systems. 

Advanced battery development and 

production is strategic to other critical 

emerging technologies such as next-

generation mobile platforms, electric 

vehicles, and energy storage systems.

Recent events, such as trade disputes and a global 

pandemic, demonstrate that strategic goods produced 

offshore are at risk of disruption.⁸ And the threat is not 

just economic. A November 2018 article in National 

Defense, “Offshore Battery Production Poses Prob-

lems for Military,” states that although the U.S. Defense 

Department “is a relatively small consumer of lithium 

battery technologies when compared to the com-

mercial market, the importance of these technologies 

cannot be understated,” and “without a domestic pro-

duction capability, there are no assurances that a for-

eign producer will even be willing to ship to the United 

States in times of conflict.”⁹ A December 2019 report 

from The Institute for Defense Analyses, “Lithium Ion 

Battery Industrial Base in the U.S. and Abroad,” states 

that it is “highly desirable for U.S. industry to have 

more of a leadership role in the production of Li-ion 

batteries, especially next-generation batteries.”10

A Method for U.S. Leadership

In December 2019, Dr. George Crabtree, Director, 

Joint Center for Energy Storage Research (JCESR), 

Argonne National Laboratory, penned an article, “What 

Should the United States Do to Regain Leadership in 

Lithium-ion Battery Manufacturing?” He asserts that 

the U.S. can achieve a competitive or even a leading 

position in Li-ion battery manufacturing with the right 

technology and production process. He identifies a 

silicon-anode that significantly increases the energy 

density of lithium-ion batteries, but qualifies that,” the 

anode material must contain a significant amount of 

silicon, as much as 50% or more.” He also says the 

advanced battery technology, “should be capable 

of being ‘dropped in’ to the current Li-ion battery 

manufacturing process.”11 Enovix has produced an 

advanced Li-ion battery with silicon as the only active 

lithium cycling material in the anode that ‘drops-in’ to 

the current Li-ion battery production process.

STRATEGIC LI-ION BATTERY TECHNOLOGIES

Li-ion battery technology is central to delivering significant advances in three critical industries over the 

next two decades: next-generation mobile platforms, electric vehicles, and energy storage systems.12

Next-Generation Portable Platforms – Augmented Reality

The augmented reality (AR) market is projected to grow from under $6 billion (US) in 2018 to over 

$192 billion in 2025.13 According to Apple CEO, Tim Cook, AR represents a major new mobile platform. 

“I regard it as a big idea like the smartphone. I think AR is that big, it’s huge.”14 Apple is not the only 

company that thinks AR is huge. Facebook, Microsoft, and Snap have major development programs. 

If companies can make the technology reliable and lightweight enough, AR could eventually replace 

smartphones as the primary mobile platform.15 

For this to occur, AR glasses must get smaller, lighter, and more powerful. The lenses that display 

digital imagery in front of people’s eyes will need to be high quality while also sufficiently small for a 

comfortable fit. Broad access to fast 5G mobile networks is considered a critical enabling technology 

for AR to grow its presence in both consumer and industrial markets. And Li-ion batteries will need to 

provide more energy capacity in a small-size, lightweight format. Most reports indicate that AR glasses 

meeting these requirements are expected to be available in 2022 or, more likely, in 2023.16 

Electric Vehicles

The total value of the EV market is projected to exceed $1 trillion (US) by 2030.17 The electric passenger 

vehicle is the largest segment of the total EV market. Passenger EV sales have jumped from 450,000 in 

2015 to 2.1 million in 2019, and they are projected to reach 8.5 million in 2025, 26 million in 2030, and 

54 million in 2040. This translates to projected passenger EV share, as a percentage of total passenger 

vehicle sales, growing from 2.7% in 2020 to 10% in 2025, 28% in 2030, and 58% in 2040. However, these 

projections are based on an absolute necessity that average price parity between EVs and internal 

combustion engineer (ICE) vehicles will be achieved by the mid-2020s.18 

The Li-ion battery is the single most costly part of an electric passenger vehicle, making up 

between 35% and 45% of total cost.19 By comparison, the Li-ion battery in a mobile device, such as a 

smartphone, accounts for about 1% to 2% of total cost.20 The battery is also expected to be the tightest 

in supply as EV production and supply chains ramp up in the coming years. Not having this strategic 

part of the production process close by EV manufacturing sites carries significant supply-chain risks.21 

Battery Energy Storage Systems

Wind and solar are projected to increase from less than 10% of global power generation in 2018 to over 

20% by 2030 and to almost 50% by 2050.22 Li-ion battery energy storage systems (BESS) are emerging 

as an essential solution to effectively integrate solar and wind renewables in worldwide power systems. 

Utility-scale stationary batteries presently dominate global energy storage by storing excess renewable 

energy generation and smoothing output. Behind-the-meter (BTM) batteries—connected behind the 

utility meter of commercial, industrial, and residential customers—are on the rise globally.23 

According to the International Renewable Energy Agency (IRENA), total worldwide BESS in 2017 was 11 

gigawatt hours (GWh), with utility-scale stationary batteries accounting for about 80%. IRENA projects 

that BESS will increase to at least 180 GWh by 2030, at which point utility-scale stationary batteries will 

account for 44% and BTM batteries 56%.24  According to GMI Research, Li-ion batteries will drive the 

global battery energy storage system market, which is expected to grow from $1.95 million (US) in 2019 

to $34.25 billion in 2026.25  
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A Silicon-Anode in a Lithium-ion 
Battery

The vast majority of Li-ion batteries use a graphite 

anode, which is carbon in a crystalline form.26 A 

graphite anode absorbs lithium ions when the battery 

is charging and releases them back into the 

electrolyte when the battery is discharging. At the 

anode, lithium (Li) combines with graphite (C) at a 

one-to-six (1:6) ratio (LiC6). This gives graphite a 

theoretical specific capacity of about 372 milliamp-

hours per gram (mAh/g).27 Researchers have long 

known that a silicon anode could significantly 

increase the energy density of a conventional Li-ion 

battery.28 Silicon (Si) is an attractive anode material 

because it forms a Li15Si4 alloy. Its increased ratio of 

Li to Si bonding gives silicon a theoretical specific 

capacity of about 3,579 mAh/g, over 9 times that of 

graphite.29 Volumetrically, lithiated silicon occupies  

3 times less volume than lithiated graphite in a 

charged state (2,194 Ah/l versus 719 Ah/l).30

Figure 1 shows a photomicrograph cross-section of 

conventional Li-ion cell architecture, where 

electrodes and separators are wound to fit into a 

rectangular metal case or a polymer pouch. Unlike a 

graphite anode, one that is predominately silicon can 

cause a conventional Li-ion cell to experience a large 

volume expansion upon lithiation (charge).31 During 

delithiation (discharge), the cell shrinks. As it does, 

silicon particles discharge non-uniformly, which 

causes them to electrically disconnect from current 

collectors, over-discharge, and pulverize. As particles 

pulverize through repeated discharge cycles, new 

silicon surfaces open, which causes solid-electrolyte 

interphase (SEI) to form, and this results in 

accelerated Li-ion loss. Therefore, a conventional 

Li-ion cell with a 100% active silicon anode has a very 

short cycle life, often less than 100 full-depth of 

discharge cycles to 80% capacity.

With Enovix 3D cell architecture, the electrodes and 

separators are laser patterned and stacked side-by-

side, which enables the application of integrated 

stainless-steel end plates and constraints. Figure 2 is 

a cutaway illustration of proprietary Enovix 3D cell 

architecture showing the orientation of the 

electrodes, current collectors, separators and 

stainless steel end plates enclosed by stainless-steel 

constraints.

Figure 3 is a photomicrograph cross-section of an 

Enovix 3D cell. Electrodes (A) are stacked side-by-

side and enclosed top and bottom with thin (50 

micron), lightweight stainless-steel constraints (B) 

that hold stainless-steel end caps (C) in place. The 

end caps apply sufficient restraining force on the 

electrode stack to contain silicon expansion within 

the cell and limit external swelling during charge 

cycles. Typical swelling of an Enovix 3D cell after 500 

cycles is less than 2%. 

Figure 4 compares two 50 mm x 30 mm x 3 mm cells: 

one of Enovix 3D architecture and another of 

conventional Li-ion architecture. In conventional 

Li-ion cell architecture, electrodes are wound or 

stacked parallel to the (red) face of the battery.

With Enovix 3D cell architecture, electrodes are laser 

patterned into 3 mm x 30 mm strips and stacked 

side-by-side to a width of 50 mm. Rather than having 

long electrodes that run parallel to the face of the 

battery, Enovix cells have many small electrodes that 

are orthogonal to the largest face of the battery. 

This seemingly small difference has huge benefits. 

Specifically, the 3D cell architecture is well-suited to 

accommodate the use of a silicon anode and 

capitalize on the higher energy density it provides. 

In a conventional graphite anode, lithium atoms slip 

into the vacant spaces between the graphite layers 

forming LiC6. As a result, there is very little graphite 

anode swelling during cycling (<10%). In a silicon 

anode, however, lithium atoms form an Li15Si4 lithium-

silicon alloy that does not have such vacant spaces.

While this alloying process results in an increased 

ability to store lithium, it can also cause significant 

expansion of the anode material during charging, 

creating high pressure within the battery (10.4 MPa or 

1,500 psi in an Enovix battery). If a silicon anode were 

used in a conventional battery architecture, the 

pressure of anode swelling would act on the large  

face of the battery (red), requiring a force as large as 

1,550 kgf or 3,500 lbf to contain expansion for the 

battery illustrated in Figure 4.

By contrast, when silicon anodes are used in the 

Enovix 3D cell architecture, they do not face the 

largest side of the battery; instead the anodes face a 

short (3 mm x 30 mm) side of the battery (blue). 

Because the anode faces are small in area, this same 

10.4 MPa or 1,500 psi pressure, requires a force of only 

94 kgf or 210 lbf to contain expansion.

The stainless steel constraint system surrounds the cell 

and limits the battery from swelling and growing in 

size. Moreover, the constraint system keeps the anode 

and cathode materials under constant compression, 

maintaining excellent particle-to-particle connection.

Conventional Li-ion cell architecture

Microscopic cross-section of a conventional wound Li-ion  
cell shows electrodes and separators wound and flattened  

(source: Journal of The Electrochemical Society)

Figure 1

Enovix 3D cell architecture

Cutaway illustration (not to scale) of an Enovix 3D cell showing the vertical 
orientation of electrodes, separators, and stainless-steel end caps enclosed 

by stainless-steel constraints (source: Enovix Corporation)

Figure 2

Enovix 3D cell architecture

Microscopic cross-section of an Enovix 3D cell shows laser-patterned 
electrodes and separators vertically oriented within a stainless-steel constraint 

(source: Enovix Corporation)

Figure 3

Figure 4

Comparison of electrode stack surface area pressure

50 mm

electrode stack pressure acting
on a 3 mm x 30 mm surface

10.4 MPa = 94 kgf
(1,500 psi = 210 lbf)

Enovix 3D Cell Architecture
cross-section (50 mm x 30 mm x 3 mm)

Conventional Li-ion Cell Architecture
cross-section (50 mm x 30 mm x 3 mm)

3 mm

electrode stack pressure acting on a 50 mm x 30 mm surface 
10.4 MPa = 1,550 kgf

(1,500 psi = 3,500 lbf)

30 mm

vertically oriented electrodes enclosed with stainless-steel end caps and constraints

horizontally oriented electrodes
enclosed in a polymer pouch

Comparison of Enovix 3D cell architecture and of conventional Li-ion cell architecture illustrating the 
extreme difference in electrode surface area leading to a high differential in resultant force.  

(source: Enovix Corporation)
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Electrode fabrication is a relatively large stage of the 

overall battery production process. While there have 

been process improvements over the years, 

electrodes for all Li-ion batteries are fabricated using 

this standard method.

Stage 2: Cell Assembly 

Cell assembly is a relatively small but critically 

important stage in the Li-ion battery production 

process. Li-ion cells were initially assembled by 

winding electrodes and separators into a naturally 

cylindrical “ jelly roll” configuration packaged in a 

cylindrical metal can. While some Li-ion batteries still 

use cylindrical metal cans, low-profile portable 

electronic devices require thinner, flatter cell 

formats.33 Li-ion cell assembly first addressed this 

need with a wind-and-flatten process introduced in 

the early 1990s. In 1995, cut-and-stack cell assembly 

improved spatial efficiency. Enovix has developed a 

precise roll-to-stack cell assembly process to 

produce the Enovix 3D cell that significantly increases 

cell energy density and maintains high cycle life.

Wind-and-Flatten Cell Assembly 

Wind-and-flatten cell assembly, introduced in the 

early 1990s, essentially flattens the cylindrical “ jelly 

roll” into a thin, flat package (see Figure 1) for use in 

portable electronic devices such as laptop computers 

and mobile phones. The wind-and-flatten electrode 

assembly can be packaged in a metal case, but it is 

most often packaged in a polymer pouch for 

portable electronic device applications. It can also be 

produced in larger formats with welded aluminium 

housings for electric power-trains in hybrid and 

electric vehicles.34

Cut-and-Stack Cell Assembly 

Cut-and-stack cell assembly was introduced in 1995. 

Instead of winding and flattening, electrodes and 

separators are cut (or punched) into sheets, which 

are stacked horizontally. Cut-and-stack assembly 

provides better spatial efficiency than “ jelly roll” 

wind-and-flatten assembly. Because the space at the 

winding core is eliminated and space at the outside 

edges is reduced, packaging efficiency is improved. 

Cut-and-stack cells are used in consumer, military, 

and automotive applications.35

Enovix has designed tools which 

incorporate proprietary processes to 

achieve precise high-speed roll-to-

stack cell assembly, and the precision 

tools 'drop-in' to a standard Li-ion 

battery production process.

Precision Roll-to-Stack Cell 
Assembly 

Enovix has designed tools, produced by precision 

equipment companies, which incorporate proprietary 

processes to achieve precise laser patterning and 

high-speed roll-to-stack cell assembly. These tools 

are ‘drop-in’ replacements for either the wind-and-

flatten tools or the cut-and-stack tools in a standard 

Li-ion production process.

Instead of cutting or punching, electrodes and 

separators are laser patterned and stacked into 3D 

cell architecture. Figure 6 shows rolls of electrodes 

and separators on a proprietary Enovix roll-to-stack 

tool. 

A 'Drop-in' Advanced Li-ion Battery 
Production Process 

Enovix has applied an equally innovative, low-cost 

approach to Li-ion battery production. The result is 

precision production tools that ‘drop-in’ to existing 

standard Li-ion battery manufacturing lines and

increase megawatt hour (MWh) capacity by about 

30% relative to a conventional Li-ion battery 

production line at the same volume. Figure 5 

illustrates the three basic stages of standard Li-ion 

battery production: 1) electrode fabrication, 2) three 

different 'drop-in' cell assembly processes, and 3) 

battery packaging and formation.

Figure 5
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Three stages of Li-ion battery production

Illustration of the three basic stages of standard lithium-ion battery production—1) electrode fabrication, 2) cell assembly,  
and 3) battery packaging & formation—with Enovix ‘drop-in’ processes in green (source: Enovix Corporation)

Stage 1: Electrode Fabrication 

Sony Corporation developed and commercialized the 

first Li-ion battery in 1991 for its handheld 

camcorder—a harbinger of many power-hungry 

portable electronic devices to come. At the time, 

increasingly popular compact discs were beginning 

to erode the market for audio cassette tapes, of 

which Sony was a major manufacturer. Magnetic 

recording tape was made on long production lines 

that mixed a magnetic slurry, coated it onto a plastic 

film, calendered the surface to control coating 

thickness, cut the coated film into long strips, and 

rolled them up for packaging in cassettes. 

Sony’s battery division managers adapted the 

magnetic recording tape production equipment to 

mix chemical slurries, coat them onto metal foil 

current collectors, calender the surface, slit the 

coated metal foil into electrode sheets, and roll them 

up for packaging in cylindrical metal cans.32 

Precision roll-to-stack tool

Photograph of electrode and separator rolls on proprietary roll-to-stack tool 
(source: Enovix Corporation)

Figure 6



WHITE PAPER 
Strategy for U.S. Advanced Li-ion Battery Leadership

WHITE PAPER 
Strategy for U.S. Advanced Li-ion Battery Leadership10 11

Phase 1: Production, 
Commercialization, Validation, and 
Process-Driven Innovation
To date, only niche applications that can tolerate a 

very high unit price and low cycle life have employed 

Li-ion batteries with a silicon-dominant anode, such 

as solar-electric stratospheric Unmanned Aerial 

System (UAS). The first phase of the Enovix strategy is 

to build its own highly automated production facility 

and begin commercial delivery of its 3D Silicon 

Lithium-ion Batteries to category leading portable 

electronic device OEMs. This is expected to 

simultaneously confirm the performance of its 100% 

active silicon-anode Li-ion battery and validate its 

high-volume ‘drop-in’ production process for 

mass-market commercial applications. 

In 2018, Enovix sampled leading mobile device 

producers with silicon-anode Li-ion cells that 

combined increased energy density with high cycle 

life. In 2019, Enovix achieved important milestones 

on its path to commercialization. First, the company 

secured agreements with several category leading 

customers to develop and produce silicon-anode 

Li-ion batteries for mobile communication and 

computing devices. Second, Enovix worked with 

equipment companies to produce proprietary 

electrode and separator laser patterning and high-

speed stacking tools to meet its specifications, and it 

incorporated the tools into its semi-automated 

pilot-production process.

In 2020, Enovix secured funding to build its first 

silicon-anode Li-ion battery production facility in 

Fremont, California. The U.S. factory is scheduled to 

begin production for commercial delivery to 

customers in 2022. When fully ramped, the facility is 

designed to produce over 250 MWh of battery 

capacity per year for mobile communication and 

computing devices. The company is initially focusing 

on portable electronic device markets for several 

reasons.

First, the portable electronics market is large—

projected to reach $13 billion by 2025—and we 

expect device OEMs will pay more for batteries than 

electric vehicle manufacturers. For example, a 

lithium-ion battery represents about 1% to 2% of the 

total component cost of a smartphone.38 Over the 

past decade, survey after survey has revealed that the 

An in-line tool precisely laser patterns the electrodes 

and separators, which are then fed directly to a 

high-speed stacking tool. Figure 7 shows precision 

laser patterned and stacked electrodes and 

separators in a 3D cell architecture with the Enovix 

high-speed stacking tool in the background.

The laser patterning and high-speed stacking of 

electrodes and separators in the proprietary Enovix 

3D cell architecture provides precise alignment and 

better spatial efficiency than conventional cell 

assembly. But the critical difference is that the 

orthogonal orientation of the electrodes enable the 

application of a high stack pressure with low force. 

This enables Enovix to apply a thin (50 micron), 

stainless-steel constraint to the top and bottom of a 

3D cell (Figure 8). Because of the orthogonal 

orientation, Enovix can incorporate an anode with 

silicon as the only active lithium cycling material into 

a Li-ion cell and not only significantly increase energy 

density but also maintain high cycle life. 

Enovix is executing a three-phase 

strategy to establish U.S. leadership 

in advanced Li-ion battery 

development and production.

Stage 3: Battery Packaging and 
Formation 

Battery packaging and formation is another large 

component of the battery production process. An 

Enovix 3D Silicon™ Lithium-ion Battery uses the 

same final assembly process as a conventional Li-ion 

battery, with one exception. First cycle formation 

efficiency of a graphite anode is about 90 – 95%. First 

cycle formation efficiency of a silicon anode is only 

about 50 – 60%. The pre-lithiation process of the 

Enovix 3D cell overcomes the first cycle formation 

efficiency problem.

Enovix tools and processes, which ‘drop-in’ to 

current Li-ion battery manufacturing lines, enable a 

silicon anode in the proven chemistry of a Li-ion cell. 

This is the criteria Dr. George Crabtree, Director of 

the JCESR, Argonne National Laboratory, described 

as a way the U.S. “can regain a competitive and 

perhaps a leading position in lithium-ion battery 

manufacturing.” Along with its production 

methodology, Enovix has initiated a 3-phase strategy 

to achieve this goal and rapidly escalate capacity.

A Strategy to Establish U.S. 
Leadership in Advanced Li-ion 
Batteries

Figure 9 illustrates the three-phase strategy Enovix is 

executing to establish U.S. leadership in advanced 

Li-ion battery development and production.

Precision roll-to-stack tool

Photograph of stacked electrodes and separators in Enovix 3D cell 
architecture (foreground) with high-speed roll-to-stack tool (background)

(source: Enovix Corporation)

Figure 7

3D cell with structural constraint

Photograph of Enovix 3D cell with slotted, structural constraint 
(source: Enovix Corporation)

Figure 8

Figure 9

Three-phase strategy for U.S. advanced Li-ion battery leadership
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number one consumer wish for their smartphones 

and other mobile devices is better battery life.37 In 

addition, better battery performance has enabled 

producers to add greater functionality in smaller form 

factors to improve consumer satisfaction.38 Because 

the battery is such a small fraction of the total cost, 

OEMs of portable electronic devices have indicated 

they are willing to pay a premium for a battery that 

significantly increases storage capacity.

Targeting portable electronic device markets now 

allows Enovix to build a production facility in the U.S. 

at a relatively low cost (e.g., gigafactories being built 

to produce EV batteries are estimated to cost from 

about $2 billion39 to $5 billion,40 depending on 

capacity), in a relatively short time frame, and deliver 

millions of batteries to a large commercial market.  

As a result, Enovix expects to generate revenue in Q2 

2022.

Second, the Enovix production facility is expected to 

validate that its ‘drop-in’ changes are a quick, cost-

effective way to retrofit existing standard Li-ion 

battery production lines and increase production 

capacity. This will provide the company with flexibility 

to pursue multiple paths to expand production 

capacity through building additional facilities or by 

retrofitting existing Li-ion production facilities.

Third, advanced battery development is occurring at 

the frontier of science where process innovations are 

evolving rapidly. Since even minor process changes 

can have an immense impact on battery 

performance, the value of collocating and coupling 

R&D and manufacturing is extremely high, and the 

risks of separating them are enormous.41 As more 

production facilities are added in phases 2 and 3, the 

phase 1 production facility will be used to develop 

and scale the next generation of advanced batteries.

Phase 2: Scale Production and 
Retrofit Existing Li-ion Battery 
Factories 

In 2010, the global Li-ion battery production base 

was 19 GWh.42 Most factories had annual production 

capacity of much less than 1 GWh, with about 95% of 

the batteries produced for portable electronic 

devices.43 Benchmark Mineral Intelligence described 

it as a “cottage industry geared to supplying a mobile 

consumer market for smartphones, laptops, and 

power-tools.”44

Over the past decade, the Li-ion production 

landscape has undergone a major upheaval. Electric 

passenger vehicles coming to market now have 

batteries with over 5,000 times more storage 

capacity than a cell phone.45 BloombergNEF projects 

that total global Li-ion battery capacity demand will 

grow to over 2,000 GWh (2 TWh) by 2030, with about 

80% for EV applications.46 This explosive growth in 

demand is driving the construction of 115 new 

gigafactories (annual capacity of 10 GWh or more) 

with a projected total annual capacity of 2,068 

GWh47 and capital costs between $2 billion and $5 

billion per factory.

EV dynamics have mostly obscured the continued 

growth in demand for Li-ion battery capacity to 

power portable computers, smartphones, tablets, 

and other mobile electronic devices. But demand is 

expected to reach about 160 GWh by 2030.48 The 

growth in demand will be driven more and more by 

wearable devices, where batteries need to provide 

significantly more storage capacity in a smaller 

package. The step-change increase in storage 

capacity of an Enovix 3D Silicon Lithium-ion Battery 

is ideal for such applications, and the Enovix 

production strategy is a quick, cost-effective way to 

increase capacity and meet demand.

Compared to new construction, Enovix projects that 

retrofitting an existing, standard Li-ion battery 

production line for Enovix battery production can be 

completed significantly faster and at lower cost, i.e., 

with quicker time to market and better financial 

margins. Electrode fabrication is unchanged, with 

‘drop-in’ changes to electrode assembly and a minor 

change to battery packaging and formation for 

pre-lithiation. And, due to the increased energy 

density of each silicon-anode Li-ion battery 

produced, the change is anticipated to increase 

capacity by about 30%. 

Phase 2 of the Enovix strategy is to scale production 

of its 3D Silicon Lithium-ion Battery for portable 

electronic device applications. The Enovix strategy is 

to build additional production facilities and/or retrofit 

existing Li-ion production facilities. Enovix may 

partner with battery producers and help them retrofit 

their global factories to produce Enovix 3D Silicon 

Lithium-ion Batteries. This is expected to increase 

production efficiency and capacity of existing 

factories and produce differentiated advanced 

silicon-anode Li-ion batteries for present and 

next-generation portable electronics devices.

Compared with new construction, 

retrofitting a standard Li-ion battery 

production line for Enovix silicon-

anode battery production can be 

completed in a fraction of the time  

at a fraction of the cost required to 

build a new factory of similar capacity.

.

There are presently only a handful of Li-ion battery 

factories in the United States.49 None produce Li-ion 

batteries for mass-market portable electronic device 

applications. Some specialize in batteries for military 

and defense applications, and others were built, in 

part, with stimulus funding after the 2007 – 2009 

financial crisis for anticipated EV applications. The 

U.S. military has a strong preference for batteries 

produced in the United States. Retrofitting one or 

more existing production facilities to silicon-anode 

Li-ion batteries will be a cost-effective way to 

increase production efficiency and provide the 

military with a U.S. developed and produced 

advanced silicon-anode Li-ion battery. Scaling 

production for next-generation portable electronic 

devices will also inform Enovix process-driven 

innovation as the company develops its silicon-anode 

Li-ion battery for EV and BESS markets. 

Phase 3: Advanced Silicon-Anode 
Li-ion Batteries for EVs and BESS 

Global sales of passenger EVs are projected to 

increase from 2.1 million in 2019 to 8.5 million in 

2025 and to 26 million in 2030. But these high-

growth projections are predicated on average price 

parity between EVs and internal combustion vehicles 

by mid-2020s. Batteries constitute 35% to 45% of 

total passenger EV cost. Therefore, reducing EV 

battery cost is synonymous with reducing EV price. 

According to BloombergNEF, “for mass market 

[adoption of] passenger EVs, low battery prices will 

remain the most critical goal.”50 Li-ion battery prices 

were above $1,100 (U.S.) per kilowatt-hour (kWh) in 

2010. Prices have fallen 87% in real terms to  

$156/kWh in 2019. And prices are predicted to drop 

to $100/kWh by 2024 and to $61/kWh by 2030.51 But 

some of the factors that have driven the rapid price 

decrease may not persist, and, according to The Wall 

Street Journal, “If the cost of batteries doesn’t 

continue to fall, long-range affordable EVs will 

remain a pipe dream.”52

As with EVs, a major driver of battery energy storage 

systems (BESS) adoption is the decreasing cost of 

Li-ion batteries.53 Li-ion BESS are emerging as one of 

the key solutions to effectively integrate solar and 

wind renewables in utility-scale power systems 

worldwide.54 Pairing Li-ion BESS with solar and wind 

renewable resources will stabilize the grid by levelling 

loads, while also providing a full range of energy 

management services and improving a utility system’s 

overall capacity factor.55 Behind-the-meter (BTM) 

batteries, connected behind the utility meter of 

commercial, industrial, and residential customers, are 

growing even faster than grid scale applications.56 

BloombergNEF projects that by 2030 the demand for 

stationary storage (utility-scale grid plus BTM) will be 

about 180 GWh,57 with utility-scale stationary 

batteries accounting for 44% and BTM batteries for 

56%.58 As with EVs, the projections are based on the 

price of Li-ion batteries falling to $100/kWh and 

below.

Raw materials are a critical supply and cost factor for 

Li-ion batteries. Graphite, which is the predominant 

or sole material in the anode of currently available 

Li-ion batteries, is an example. According to Mineral 

Commodity Summaries 2019, an annual report 

published by the U.S. Geological Survey, there are 

currently no graphite mines in the U.S. About 40,000 

metric tons of the carboniferous material was 

imported to the U.S. during 2018. Benchmark Mineral 

Intelligence estimates that the amount of graphite 

needed for the anode material in Li-ion batteries will 

rocket to 1.75 million metric tons by 2028.59 

While the price of graphite (per metric ton) declined 

sharply from about $2,500 (U.S.) in 2011 to about 

$750 in 2016, it rose to about $1,100 in 2017 before 

falling back to about $750 in July 2020.60 A July 2019 

article in The Wall Street Journal examines how a 

sharp decline in the price of key raw materials in 2018 

contributed to a 24% decline in EV battery costs that 

year. But it also issues a warning. “It is usually 

assumed that the pattern of deflation will continue, 

following the example of the consumer electronics 

and solar industries. But batteries are a different kind 

of product. One problem is that, whereas solar cells 
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are made of abundant silicon, batteries contain 

volatile commodities. Betting on ongoing declines 

seems a risky strategy for car makers.”61

Silicon makes up 27.7% of the Earth’s crust by mass 

and is the second most abundant element (behind 

only oxygen).62 According to research conducted on 

battery innovation by scientists at the Mobility, 

Logistics and Automotive Technology Research 

Centre, using silicon-based batteries can achieve a 

cost reduction per kWh of 30%, and the $100/kWh 

cost will be reached between 2020 and 2025. The 

research concludes that, “This low price will have a 

significant impact on the overall price of an electric 

vehicles [sic] since the battery represents the largest 

cost,” and “This price reduction will aide in the mass 

adoption of electric vehicles.”63

Li-ion battery manufacturers are expecting 

gigafactories to reach economies of scale and 

decrease the unit cost of production in the near 

term.64 But this alone will not be sufficient to 

continue the required pace of decreasing battery cost 

needed to drive EV and BESS market penetration at 

projected rates. According to BloombergNEF, “As we 

get closer to the second half of the 2020s energy 

density at the cell and pack level will play a growing 

role, as it allows for more efficient use of materials 

and manufacturing capacity.”65

An anode with silicon as the only active lithium 

cycling material has the potential to deliver a 

threefold benefit: 1) significantly increase energy 

density, 2) decrease material cost, and 3) leverage an 

abundant supply of raw material. But not all silicon 

anode production techniques are cost effective. The 

Enovix 3D cell architecture has been designed for the 

use of low-cost commodity silicon anode materials. 

Other approaches involve nanowires, nanoparticles 

or other structurally engineered materials, which 

involve additional silicon processing cost. And if the 

cost of silicon anode material processing exceeds the 

present, baseline cost of graphite anode production, 

it reduces the energy density benefit and diminishes 

the overall advantage of a silicon-anode Li-ion 

battery.

Tesla has blended small amounts of silicon with 

graphite in its EV batteries since 2015. At the time, 

Elon Musk said, “This is just sort of a baby step in the 

direction of using silicon in the anode.”66 At Tesla’s 

Battery Day, on September 22, 2020, Musk outlined a 

list of (primarily process) improvements the company 

plans to significantly improve battery performance 

over the next three to four years. One of the 

components of Tesla’s battery improvement program 

was the goal to leverage silicon-anode technology 

and to manufacture it internally. Musk said, “Silicon 

oxide-based solutions should be the advanced anode 

of choice for mainstream battery producers today, 

and they should be expected to dominate the market 

over the next five to seven years.”67 This means that 

other EV producers will need to adopt similar 

technology or face a serious competitive 

disadvantage by 2025. 

In January 2020, the U.S. Department of Energy 

(DOE) launched the Energy Storage Grand 

Challenge—a comprehensive strategy to create and 

sustain U.S. global leadership in energy storage 

technology, utilization, and exports.68 About the 

same time, Enovix completed a proof-of-concept 

research program with a leading international 

automobile manufacturer. The program 

demonstrated that the Enovix silicon anode could be 

paired with automotive class NMC cathodes in its 

proprietary 3D architecture to achieve significant 

gains in gravimetric and volumetric energy density 

while maintaining excellent cycle life and reducing 

cost.69 In July 2020, the U.S. Department of Energy’s 

(DOE’s) Office of Energy Efficiency and Renewable 

Energy (EERE) announced that Enovix had been 

selected for FY2020 federal funding of $3.2 million to 

advance research and development on Li-ion 

batteries using silicon-based anodes. Enovix expects 

to achieve energy density over 350 Wh/kg, greater 

than 1,000 cycle life and 10-year calendar life, with a 

100% active silicon anode for EV Li-ion battery 

applications using a combination of Enovix 3D cell 

architecture and optimized electrolyte chemistry.70 

Figure 10 is an “Automotive Development Timeline 

for Batteries” adapted from one published by 

Benchmark Mineral Intelligence. It illustrates that cell 

design consumes 30% of total time to market. 

However, 50% of the total time to market is the 

development of a production process. Process 

validation and initial production consumes the final 

20%. Many advanced silicon-dominant anode and 

solid-state battery producers have gone all-in on the 

EV market, and none have demonstrated a low-cost 

high-volume production process—in fact, most are 

just approaching this development phase. Enovix has 

taken a different direction to the EV battery market. It 

is proceeding on a parallel process-driven R&D and 

production path. 

Figure 10

Automotive development timeline for batteries  
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About half the time required to produce a new automotive battery is for development of a new manufacturing process.

As Enovix commercializes existing battery products in 

multiple mobile device markets, it will continue to 

develop its 3D cells for the EV market. Enovix believes 

that validating and commercializing its silicon anode 

Li-ion battery technology and production process for 

the portable electronic market will significantly 

reduce its technology and production risks and 

enable entry into the larger EV battery market. Rather 

than creating a novel production process for the EV 

battery market, Enovix expects to scale its proven 

production process for the EV battery market. The 

value of collocating and coupling R&D and 

production in the same facility for process-driven 

innovation will pay dividends for transferring 

production from one mass market to another.

By the mid-2020s, Enovix expects to demonstrate 

that its 3D Silicon Lithium-ion Battery can combine 

the energy density, cycle life, and calendar life 

required for EV battery and BESS market applications, 

and that its ‘drop-in’ process can scale for low-cost 

high-volume production. This will pave the way for 

Enovix 3D Silicon Li-ion technology and production 

processes to be adopted by gigafactories through 

partnerships and licensing. 

The Enovix Business Model: 
Profitable Growth and IP 
Ownership

It’s not unusual for a startup to conceive of an 

innovative new product. But it’s much more difficult 

for one to transform a concept into a product, 

produce it, commercialize it, and build a successful, 

sustainable business around it. Over the past decade, 

there has been a parade of high-profile battery 

startups announced with great fanfare, often 

proclaiming a new technology “breakthrough.” Most 

of the initial claims have not materialized. Some of 

the companies have radically restructured, and some 

have ceased operations completely.71 The majority of 

the failed ventures were focused solely on the EV 

battery market, as are many of today’s advanced 

battery startups. The EV battery market is 

characterized by massive capital investment and 

ruthless price competition. And, by their own 

admission, today’s startups are years away from 

commercialization. 

Enovix has taken a different path. Its initial target is 

the portable electronics market, which is expected to 

reach a total available market (TAM) of $13 billion by 

2025. Because it is such a small component of a 

mobile device’s total cost (about 1% to 2%), but 

provides significant consumer satisfaction through 

increased functionality and improved user 

experience, Enovix expects premium portable 

electronic device OEMs will pay a higher average 

price, than an EV producer, for a battery with 

significantly higher energy density. Enovix began 

generating revenue in 2019 and 2020 from OEM 

contracts to develop batteries for portable electronic 

devices and to reserve production capacity.72 

Enovix is currently securing supply agreements with 

customers for commercial deliveries in early 2022, 

and the company projects it will generate revenue in 

Q2 2022. Meanwhile, Enovix expects to leverage its 

process-driven innovation to develop its proprietary 

100% active silicon-anode cell technology, prepare 

its ‘drop-in’ production tools, and secure partner-

ships to meet the energy density and cost demands 

of the EV and BESS markets by the mid-2020s.
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Enovix is combining technological and 

production innovation with a business 

model built on profitable growth and 

ownership of intellectual property to 

create enterprise value and build a 

sustainable business with competitive 

barriers for years to come.

Unlike many advanced battery startups, which license 

core technology from government or academic 

research laboratories, Enovix has developed and 

owns its intellectual property. Enovix received its first 

four patents in 2012, and, to date, the company has 

been issued 89 patents, and it has submitted over 50 

pending applications. Its patents cover design and 

production innovations, including 3D cell 

architecture, a 100% active silicon anode, and 

‘drop-in’ production techniques. Enovix is combining 

technological and production innovation with a 

business model built on profitable growth and 

ownership of intellectual property to create 

enterprise value and build a sustainable business with 

competitive barriers for years to come. 

Conclusion

In the 1980s, semiconductor development and 

production was strategic to progress in critical 

emerging industries such as wireless 

communications, multimedia, and personal 

computers. Without a vibrant semiconductor 

industry, U.S. progress in these industries would have 

been hampered, damaging the broader economy. 

Today, advanced Li-ion battery development and 

production are strategic to U.S. progress in critical 

emerging industries such as next-generation portable 

electronic platforms, electric vehicles, and battery 

energy storage systems. But the U.S. presently lags 

China and Europe in Li-ion battery production.

Dr. George Crabtree, Director, JCESR, Argonne 

National Laboratory, has identified a silicon-dominant 

battery that can ‘drop-in’ to the current Li-ion battery 

manufacturing process as one way the U.S. can 

regain a competitive and perhaps a leading position 

in Li-ion battery production. Enovix has developed a 

Li-ion battery with silicon as the only active lithium 

cycling material in the anode to significantly increase 

energy density and maintain high cycle life. The 

company has applied an equally innovative approach 

to develop roll-to-stack Li-ion battery production 

tools that ‘drop-in’ to existing battery manufacturing 

lines and increase MWh capacity by about 30% 

relative to a conventional Li-ion battery production 

line at the same volume. Enovix is now executing a 

three-phase strategy for U.S. leadership in advanced 

Li-ion battery development and production.

In phase one, Enovix is constructing its own 

production facility in Fremont, California to begin 

commercial deliveries of its 3D Silicon Lithium-ion 

Battery to category leading portable electronic 

device customers in 2022. The value of collocating 

and coupling R&D and production in the same facility 

is extremely high for process-driven advanced 

battery innovation. The facility also will serve as 

validation for the Enovix ‘drop-in’ production process 

with its present and future battery manufacturing 

partners.

Phase two of the Enovix strategy is to scale 

production of its 3D Silicon Lithium-ion Battery for 

portable electronic device applications. Enovix 

expects to build additional production facilities and/

or retrofit existing Li-ion production facilities. Enovix 

may partner with battery producers and help them 

retrofit their global factories to produce Enovix 3D 

Silicon Lithium-ion Batteries. Retrofitting an existing 

U.S. production facility is expected to be a cost-

effective way to increase production efficiency and 

provide the military with a U.S. developed and 

produced advanced silicon-anode Li-ion battery. 

Scaling production for next-generation portable 

electronic devices is also expected to inform Enovix 

process-driven innovation as the company develops 

its silicon-anode Li-ion battery for EV and BESS 

markets.

In phase three, Enovix plans to demonstrate that its 

3D Silicon Lithium-ion Battery can combine the 

energy density, cycle life, and calendar life required 

for EV battery and BESS market applications, and that 

its ‘drop-in’ process can scale for low-cost high-

volume production. This will pave the way for Enovix 

3D Silicon Li-ion technology and production 

processes to be adopted by gigafactories through 

partnerships and licensing by the mid-2020s.

Over the coming decade, the Enovix three-phase 

strategy will establish U.S. leadership in advanced 

lithium-ion battery development and production; 

serve as a strategic foundation for critical, emerging 

industries such as next-generation portable 

Disclaimers
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jurisdictions in which such offer, solicitation or sale would be unlawful.

No representations or warranties, express or implied are given in, or in respect of, this White Paper. To the fullest 
extent permitted by law in no circumstances will Enovix or any of its respective subsidiaries, stockholders, affiliates, 
representatives, directors, officers, employees, advisers, or agents by responsible or liable for a direct, indirect, 
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independently verified the data obtained from these sources and cannot assure you of the data’s accuracy or com-
pleteness. This data is subject to change. 

The information contained herein is as of March 19, 2021 and does not reflect any subsequent events.

Forward Looking Statements

This White Paper contains forward-looking statements regarding future results that involve risks and uncertainties 
that could cause actual results or events to differ materially from the expectations disclosed in the forward-looking 
statements. Forward-looking statements are identified by words such as “believe,” “will,” “may,” “estimate,” “contin-
ue,” “anticipate,” “intend,” “should,” “would,” “plan,” “expect,” “predict,” “potential,“ “could,” “seem,” “seek, “outlook,” or 
the negative of these terms or similar expressions.  These forward-looking statements include, but are not limit-
ed to, statements regarding estimates and fore- casts of other financial and performance metrics, projections of 
market opportunity and technology trends, global demand for portable electronics, electric vehicles and energy 
storage systems, the Enovix strategic plan, performance of the Enovix 3D Silicon Lithium-ion cells, the scope of 
the Enovix total addressable market, and milestones relating to the production of batteries by Enovix and potential 
partnerships and licensing opportunities. These statements are based on various assumptions, and on the current 
expectations of the management of Enovix and are not predictions of actual performance. Actual results could 
differ materially from these forward-looking statements as a result of certain risks and uncertainties, including the 
risks described by Enovix from time to time in its periodic reports filed with the SEC.  These forward-looking state-
ments speak only as of the date on which they are made and subsequent events may cause these expectations 
to change.  Enovix expressly disclaims any obligations to update or alter these forward-looking statements in the 
future, whether as a result of new information, future events or otherwise.

platforms, electric vehicles, and energy storage 

systems; and help ensure long-term U.S. economic 

and national security.

END
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