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“This year’s Nobel Prize in Chemistry 
rewards the development of lithium-
ion batteries. We have gained access 
to a technical revolution. The laureates 
developed lightweight batteries of high 
enough potential to be useful in many 
applications: truly portable electronics, 
mobile phones, pacemakers, but also 
long-distance electric cars. The ability to 
store energy from renewable resources—
the sun, the wind—opens up for 
sustainable energy consumption.”

—Sara Snogerup Linse, Nobel committee for chemistry
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Executive Summary

Advanced battery technologies are poised to 
dramatically change our lives, sooner than many  
market actors realize.
Recent rapid improvements in lithium-ion (Li-ion) battery costs and 
performance, coupled with growing demand for electric vehicles 
(EVs) and increased renewable energy generation, have unleashed 
massive investments in the advanced battery technology ecosystem. 
These investments will push both Li-ion and new battery technologies 
across competitive thresholds for new applications more quickly than 
anticipated. This, in turn, will reduce the costs of decarbonization in key 
sectors and speed the global energy transition beyond the expectations 
of mainstream global energy models. Self-reinforcing feedback loops 
linking favorable public policies, additional research and development 
(R&D) funding, new manufacturing capacity, and subsequent learning-
curve and economy-of-scale e�ects will lead to continued cost declines 
and exponential demand growth. 

Through 2025, advances in technology and 
manufacturing will keep Li-ion batteries at the forefront 
of electrochemical energy storage markets.
Emerging innovations will improve all aspects of Li-ion battery 
performance, with costs projected to approach $87/kWh by 2025.1 These 
rapid improvements and cost declines will make battery-based applications 
cost competitive with both stationary and mobile applications in the near 
term (Exhibit ES1). For example, these changes are already contributing to 

cancellations of planned natural gas power generation. The need for these 
new natural gas plants can be o�set through clean energy portfolios (CEPs) 
of energy storage, e�ciency, renewable energy, and demand response.2  
Natural gas plants that move forward are at high risk of becoming stranded 
assets, and as early as 2021, some existing power plants could be 
more expensive to continue operating than least-cost CEP alternatives, 
depending on gas prices. On the electric mobility front, low-cost Li-ion 
batteries will contribute to a rapid scale-up of demand for smaller (e.g., 
two- and three-wheeled) EVs in fast-growing markets like India by 2023, 
as upfront capital costs drop below those for internal combustion engine 
vehicles. A similar shift, due to capital cost competitiveness, will occur for 
personal and commercial EVs in the US market after 2025.

 
Diversifying applications will create opportunities for 
new battery chemistries to compete with Li-ion.
• Solid-state batteries such as rechargeable zinc alkaline, Li-metal, and Li-

sulfur will help electrify heavier mobility applications.  

• Low-cost and long-duration batteries such as zinc-based, �ow, and high-
temperature technologies will be well suited to provide grid balancing in a 
high-renewable and EV future. 

• High-power batteries, which are best compared on a $/kW basis, are well 
positioned to enable high penetration and fast charging of EVs.

 
 

Total manufacturing investment, both previous and planned until 
2023, represents around $150 billion dollars, or close to $20 for 
every person in the world. i
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i Based on BNEF battery manufacturing capacity data.
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But markets for advanced battery technology will not be 
a winner-take-all opportunity for Li-ion batteries. 
Despite the anticipated trajectory for Li-ion cost and performance, technology 
limitations and tradeo�s will likely persist. Unlike the market development 
pathway for solar photovoltaic (PV) technology, battery R&D and manufacturing 
investment continue to pursue a wide range of chemistries, con�gurations, and 
battery types with performance attributes that are better suited to speci�c use 
cases. Solid-state technology, in particular, is poised to massively disrupt the 
storage industry by unlocking new opportunities for cheap, safe, and high-
performing batteries, including non-lithium-based chemistries.
 
Emerging, large market opportunities for such alternative 
battery technologies that are at or are nearing 
commercial readiness will reinforce diversification of the 
increasing investment, regulatory, and policy support for 
transportation electrification and stationary energy storage. 
As early as 2025, and no later than 2030, RMI expects non-Li-ion battery 
technologies to have made signi�cant commercialization steps through 
demonstration and early-stage deployments in long-duration energy storage, 
electri�cation of heavy transport (e.g., heavy freight and short-duration 
aviation), and battery-integrated approaches to EV fast-charging infrastructure.

Battery technology ecosystem actors should think 
comprehensively and strategically about a near-
term future in which diverse technologies support an 
increasingly wide range of battery applications.  
Capturing the massive economic opportunity underlying the shift to controls- 
and battery-based energy systems requires that planners, policymakers, 
regulators, and investors take an ecosystem approach to developing these 
markets. Regions that fail to develop such ecosystems will sacri�ce economic 
gains to their global trading partners. As Li-ion battery costs and performance 

continue steadily improving, ecosystem actors may be tempted to assume the 
long-term dominance of Li-ion batteries across applications. However, market 
actors should consider how to capitalize on near-term economic opportunities 
from Li-ion without sacri�cing progress or truncating opportunities for nascent 
applications where new technologies are better suited. 

Regulators and policymakers must look ahead to 
understand just how quickly lower-cost batteries will 
accelerate the transition to zero-carbon grids and open 
new pathways for mobility electrification.   
The rate of change in the battery space, measured in terms of both falling 
prices and diversifying performance attributes of new technologies, is 
outpacing the adaptive capacity of the electricity sector to integrate 
new solutions. Dramatically lower storage costs will disrupt conventional 
assumptions about optimal grid architectures and open a rapidly widening 
array of opportunities for delivering energy services. Utilities and their 
regulators must build scenarios based on forward price curves to assess the 
possible implications of falling prices for batteries and renewable power in 
order to minimize the risks of investing in assets that could soon be stranded. 
The synergies now emerging from the smart combination of renewable 
supply, storage, and demand �exibility will require new methods of planning 
and analysis as well as revamping traditional utility business models. 

In the mobility sector, alternative battery technologies will open up new 
market opportunities for longer-range EVs and electric heavy transport, 
as well as provide new options for the cost-e�ective build-out of DC fast-
charging infrastructure.

EXECUTIVE SUMMARY 
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Massive investments in battery manufacturing and 
steady advances in technology have set in motion a 
seismic shift in how we will power our lives and organize 
energy systems as early as 2030.
Over the past 10 years, a global ecosystem has emerged to provide a 
foundation for rapid innovation and scaling of these new technologies 
(Exhibit 1). This ecosystem includes:

• Large and Diverse Private Investments: Venture capital investments in 
energy storage technology companies exceeded $1.4 billion in the �rst half of 
2019 alone and have continued to increase.3 This money �ows increasingly 
from acquisitions as well as non-traditional sources, including venture capital 
funds targeting risky and early-stage technologies (e.g., Breakthrough 
Energy Ventures), consortia of utilities targeting later-stage commercialization 
(e.g., Energy Impact Partners), and a growing number of incubators and 
accelerators.4  

• Ambitious Government Support:  Government support for early-stage 
research and development (R&D) continues to drive new innovations. As 
countries and major cities set ambitious goals for electric vehicle (EV) adoption, 
programs to support domestic battery manufacturing have followed.5   

• Strategic Alliances: A diverse array of players—vehicle OEMs, oil and gas 
majors, and battery manufacturers—are forming strategic alliances with 
companies working on alternative battery technologies in e�orts to gain a 
competitive edge.  

• Diversifying Global Manufacturing Investment:  These incentives and 
the anticipated exponential growth in EV adoption have led to massive 
investments in lithium-ion (Li-ion) battery manufacturing capacity, which is 
expected to more than triple to 1.3 TWh by 2023.6 More than half of this 
capacity is in China, but countries in Europe and other parts of Asia have 
announced their own investments in an e�ort to compete, many with new 
lithium battery chemistries.

Introduction1
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China’s state council 
proposed the �rst set of 
goals for NEV production 
and deployment

United States implements 
federal tax credit 
for EV purchases

China New Energy Vehicle (NEV) 
subsidy expanded to private vehicles 

Li+ ion price (historic and projected)

European Battery 
Alliance is launched

India announces goal 
of 100% EV sales by 2030

Volkswagen settlement provides 
$2 billion for North American 
EV charging infrastructure

The Japanese 
government created 

a new research entity: 
Consortium for Lithium 
Ion Battery Technology 
and Evaluation Center

China venture capital 
EV investment exceeds 

$6 billion

California sets goal 
of 5 million zero emission 

vehicles by 2030

France, Germany 
seek approval for 
state-backed battery 
cell consortium

Lithium-ion battery suppliers are poised 
to reach at least 1,330 GWh of 
combined annual manufacturing 
capacity by 2023

Daimler and VW commit 
to not developing any more 
ICE cars 

India approves National Mission on 
Transformative Mobility and Battery Storage
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INTRODUCTION

Investment in research and development (R&D) will 
continue to unlock better performance, while faster 
adoption in both mobile and stationary applications 
will create self-reinforcing feedback loops for demand 
growth and price decreases.
The combined outputs of these ecosystem elements have compounding 
e�ects, leading to a far faster rate of innovation and disruption than most 
analysts have expected. The resulting nonlinear increase in the value 
proposition of battery technology across multiple applications reinforces 
the cycle of demand creation and investment.

Performance Multipliers
Historic and continuing investments in Li-ion technologies are leading to 
batteries that perform better against multiple attributes, especially energy 
density and cycle life (Exhibit 2).7 The resulting improvements in EV range, 
price, and model availability will foster rapid, near-term acceleration of 
consumer adoption. As illustrated in Exhibit 3, such improvements have 
multiplicative and self-reinforcing e�ects—as the prices decrease, batteries 
are simultaneously becoming longer lasting, lighter, and safer, leading 
to rapid increases in value for customers. As early adoption shifts to 
exponential growth, additional investment and enabling policies reinforce 
the cycle of innovation. Newer innovations approaching commercialization, 
such as solid-state technology, could unlock even more dramatic cost 
reductions and step changes in performance.

EXHIBIT 2 
Energy Density Is One Example of a Continual Performance Improvement 
That Has Compounding E�ects on the Value Proposition of Advanced 
Battery Technologies

Source: Data from BNEF
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Dramatic scaling effects: Ambitious governmental EV adoption targets 
and signi�cant growth in adoption rates have sent signals to manufacturers 
and capital markets that have encouraged investments in the Li-ion supply 
chain. In early 2019, updates to announced battery manufacturing capacity 
increased substantially on a monthly basis, suggesting that investors 
were responding to perceived market growth opportunities (Exhibit 4).8,9  
As this new production capacity comes online, price declines driven by 

economies of scale, manufacturing technology and process improvements, 
and industrial and unit design will continue. Battery pack prices have fallen 
by an average annual rate of 21% since 2010, or at an 18% learning rate with 
every doubling in production (Exhibit 5).10  Analysts expect the capital cost 
for new planned manufacturing capacity (on a per-gigawatt hour [GWh] 
basis) to drop by more than half from 2018 to 2023.11

INTRODUCTION

EXHIBIT 4 
2019 Q1 Growth in Global Battery Factory Capacity Pipeline (GWh)

Source: Data from BNEFSource: Benchmark Mineral Intelligence
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Historic and Projected Li-ion Pack Price Declines against Production
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These investments will push both Li-ion and new battery 
technologies to cross competitive thresholds for new 
applications more quickly than anticipated.
Li-ion battery chemistries began to scale, di�erentiate, and proliferate 
with cell phones and laptops. Now, as the battery market continues to 
grow, the number of competitive use cases will similarly expand beyond 
light-duty EVs. As illustrated in Exhibit 6, energy storage will contribute 
to the replacement of natural gas plants and gain a foothold in other new 
market segments, including heavy trucking and short-range aviation. As 
this transition occurs, legacy infrastructure across the fossil fuel value chain 
risks becoming stranded, including gas pipelines and internal combustion 
engine (ICE) manufacturing plants.12 

Diversifying applications will create opportunities for new battery 
chemistries to compete with Li-ion.
• Solid-state batteries such as rechargeable zinc alkaline, Li-metal, and Li-

sulfur will help electrify heavier mobility applications.  

• Low-cost and long-duration batteries such as zinc-based, �ow, and high-
temperature technologies will be well suited to provide grid balancing in a 
high-renewable and EV future. 

• High-power batteries, which are best compared on a $/kW basis, are well 
positioned to enable high penetration and fast charging of EVs.

INTRODUCTION
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BATTERIES TO 2025 LI�ION DOMINATES THE MARKET

CONTINUED DIVERSIFICATION OF LI�ION 
TECHNOLOGIES

Li-ion batteries’ scaling pathway is unlike that for silicon 
photovoltaic cells; investment continues to differentiate 
among chemistries with performance attributes that are 
best suited to specific use cases.
As investment in Li-ion grows, companies are pursuing di�erent battery 
chemistry compositions with widely varying performance attributes (Exhibit 
7). The number of battery types will likely continue to diverge in terms of 
the types of anodes, cathodes, separators, and electrolytes used. These 
various approaches are pursuing improvements across several areas:  

• Specific Energy: Competition between EV manufacturers will continue 
to fuel the search for more space- and weight-e�cient batteries. Li-nickel 
manganese cobalt oxide (NMC) and Li-nickel cobalt aluminum (NCA) 
chemistries have the most e�ort directed toward increasing energy 
density at an a�ordable cost. 

• Cycle Life: Fast charging and temperature strain have big impacts on Li-ion 
battery cycle life. Li-iron phosphate (LFP) and Li-titanate (LTO) have good 
cycle life but are not the main focus of current manufacturing additions, as 
this cycle life comes at the expense of speci�c energy and cost.13 These 
two chemistries will retain market share and may grow in the future.  

• Safety: Todays Li-ion batteries are vulnerable to cooling and controls 
failures due to their use of highly �ammable electrolytes. The required 
thermal management systems and controls add around 1%–5% to total 
pack costs, and decrease round trip e�ciency. Project developers, 
investors, policymakers, and regulators should gain familiarity with 
di�erences in manufacturer quality to minimize risk. 

• Cost: Battery packaging costs represent around 19%–34% of the total pack 
price.14 Continual manufacturing improvements are expected to reduce 
packaging costs by 10%–15%.15  Cathode improvements represent one key 
area for cost reduction, especially decreasing cobalt content  
(e.g., moving from NMC 111 to NMC 811.)ii  This requires signi�cant R&D and 
carries similar technological risks to other new battery chemistries. 

ii NMC 111 refers to the ratio of nickel, manganese, and cobalt. 811 has 8 parts nickel for every part manganese and cobalt. Other combinations, like NMC 532, have also been 
successful.
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by the dark green outline.

The highest level currently achievable 
by any of the Li-ion chemistries included here 
is represented by the green-shaded area.

EXHIBIT 7
Relative Performance Characteristics of Selected Li-ion Chemistries
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Resulting innovations could improve all aspects of Li-ion 
battery performance, but tradeoffs persist.
Automotive companies, start-ups, national research labs, and universities 
are heavily invested in improving Li-ion batteries. Exhibit 8 illustrates 
common target applications of these technologies along with several 
companies manufacturing them. Exhibit 9 shows some of the key 
opportunities for improving Li-ion batteries against each performance 
attribute that a host of companies are pursuing. While a future Li-ion 
chemistry may perform better across all metrics, battery research into 
di�erent compositions historically results in tradeo�s between performance 
characteristics. As a result, di�erent batteries will be better suited to 
diverging applications based on their unique performance qualities. 
For example, NMC innovators are trying to realize a low-cobalt cathode 
(NMC 811); however, since cobalt acts as a battery stabilizer, low-cobalt 
chemistries tend to sacri�ce stability and cycle life in exchange for cost and 
range improvements.

Primary Use Cases
Representative 
Manufacturers

NMC
Power tools, electric 
vehicles

CATL, Sanyo, Panasonic, 
Samsung, LG Chem, SK 
Innovation

NCA Electric vehicles Tesla/Panasonic

LFP
Electric buses, grid 
storage

BYD, K2, Lishen, Saft, GS 
Yuasa, A123, Valence, BAK

LTO
Personal electronics, UPS, 
some electric vehicles

Altairnano, Toshiba, Yabo

LMO
(Li-manganese 
oxide)

Power tools, some electric 
vehicles (often combined 
with NMC)

Hitachi, Samsung, LG 
Chem, Toshiba, NEC

EXHIBIT 8 
The Varying Characteristics of Li-ion Chemistries Contribute to the 
Diversi�cation and Specialization of Use Cases and Integrators
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ENERGY COST
Lower material costs will come primarily 
from reducing cobalt and systems costs in 
solid-state batteries

FAST CHARGE
Improved electrolytes (solid state and liquid), 
cathodes, and anodes are needed to realize 
a�ordable and safe fast charging

SAFETY
Solid-state electrolytes could signi�cantly 
improve safety by replacing �ammable 
electrolytes

TEMPERATURE RANGE
Solid-state electrolytes represent one of the 
most likely solutions to improve performance 
in hot and cold environments

POWER COST:
Most product  improvement plans are focused on 
increasing cell voltage, which often comes at the 
expense of cycle life

CYCLE LIFE
Cycle life has  some of the most di�cult  trade-
o�s with other improvement traits, although 
progress continues 

SPECIFIC ENERGY �WH/L� / ENERGY 
DENSITY �WH/KG�
Silicon anodes are one of the main innovation 
pathways for improving energy density

EXHIBIT 9
Future Advancement Pathways for Li-ion Battery Performance
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DISRUPTIVE IMPACTS OF FALLING COSTS AND 
IMPROVING PERFORMANCE 

Falling battery costs will change the economics 
of wholesale power markets, potentially stranding 
investments in new natural gas-fired power generation 
plants across the globe, even in cold climates.
In the United States alone, utilities have proposed $70 billion of natural 
gas plants in the next decade. Increasingly, however, new natural gas 
power plants are being outbid by competitive solar- or wind-plus-storage 
projects. Recent analysis by RMI on clean energy portfolios (CEPs) shows 
that this trend is likely to accelerate (Exhibit 10).16  CEPs are optimized, 
least-cost combinations of wind and solar generation, energy e�ciency, 
demand response, and energy storage that provide services matching 
those provided by natural gas plants. While battery storage is a higher-cost 

�exibility resource relative to demand �exibility (e.g., energy e�ciency and 
demand response), a level playing �eld for those resources to compete on 
the grid can create an overall more e�cient and less expensive system. 
The projected cost of CEPs has fallen 80% over the last ten years, driving 
expectations of rapid ongoing growth in grid-tied storage installations in 
the United States. Current trends show that battery installations will double 
from 2018 to 2019, with more than 600 MW of storage in development.17  

While most of these low-cost procurements have occurred in resource-
rich (solar or wind) environments, the falling cost of storage is driving 
competitiveness of CEPs in more markets. RMI modeled CEPs optimized to 
directly replace planned gas combined cycle (CC) and combustion turbines 
(CT) in the United States. This study included follow-on analysis to test two 
di�erent battery scenarios—incremental and disruptive—to understand how 
battery innovations and improvements would a�ect the competitiveness of 

EXHIBIT 10 
Modeled Savings From a Clean Energy Portfolio Versus Currently Planned Natural Gas Plants (Grid-Storage Scenarios)

   Incremental Scenario Savings    Disruptive Scenario Savings
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CEPs. The incremental scenario represents the price trajectory for Li-ion 
batteries inclusive of continuous cathode and anode improvements. The 
disruptive scenario represents a price trajectory in which low-cost materials 
for grid storage, such as zinc- or sulfur-based batteries, gain greater market 
share due to improvements and scaling.  

The disruptive scenario results suggest that CEPs with signi�cantly better 
batteries could unlock substantially larger lifetime savings compared with 
those achieved in the incremental scenario when compared to currently 
planned gas plants. These battery improvements are especially critical in 
colder climates, which face signi�cant variability in renewable supply that 
cannot be met with demand response and energy e�ciency alone. Keeping 
procurement open to the most cost-e�ective solution, including non-lithium 
alternatives, will be critical for realizing the value of these innovations and 
saving rate-payers money.

Falling costs of batteries and renewable power supply 
will make CEPs cheap enough to strand existing natural 
gas plants.
Under the disruptive battery scenario, continuing cost declines will make 
CEPs competitive with the operating costs (OpEx) of existing combined 
cycle gas plants within ten years over a range of natural gas prices (Exhibit 
11). This has important implications for plant owners and operators as well 
as the upstream gas industry. Modeling these solutions suggests that such 
CEPs will begin to compete after 2025, depending on gas prices. In reality, 
however, they will likely compete earlier for portions of those gas plants’ 
loads, since batteries at multiple scales can contribute to managing and 
�attening demand and generation pro�les. While this approach provides a 
useful illustration of breakthrough batteries’ disruption potential, precisely 
replicating a gas turbine’s pro�le captures only one aspect of batteries’ 
value, as they can participate in multiple, stacked markets, and may take on 
di�erent operational pro�les than a gas turbine.

EXHIBIT 11
Comparison of CCGT OpEx Versus Clean Portfolio LCOE in Disruptive Battery Scenario
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By 2023, lower capital costs will contribute to a  
scale-up of EV adoption in markets like India that  
utilize smaller EVs.
Many EVs are already cost-e�ective on a total cost of ownership 
(TCO) basis, but the higher capital costs of EVs compared with internal 
combustion engine vehicles remain a major adoption barrier.18  Markets like 
India that use smaller and lighter EVs are expected to become competitive 
well before markets where larger vehicles dominate. Exhibit 12 shows 
that four-wheeled EVs will become competitive on a capital cost basis in 
India around 2023 (due in part to increasing emissions regulations on ICE 
vehicles). Electric vehicles using advanced Li-ion batteries in the United 
States may not cross capital cost thresholds until 2030 (Exhibit 13).

Investors, policymakers, and market players should consider that:

• Urban and smaller-vehicle markets are important �rst markets for scaling 
electric mobility. 

• Alternative business models and strategies like mobility as a service 
that can leverage disruptive innovations related to autonomous driving 
may be needed to rapidly electrify markets that have a strong consumer 
preference for large vehicles.  

• Battery innovations and improvements, including beyond Li-ion 
chemistries, will be important for personally owned, heavier EVs. 

EXHIBIT 12 
Capital Cost (INR) of Private Cars in India 

EXHIBIT 13 
Capital Cost ($) of Vehicles in the United States
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Battery cost and performance improvement trajectories 
could help two- and three-wheeler markets in India and 
other emerging market countries reach sales penetration 
levels of 80% by 2030.
These markets, dominated by lighter vehicles, represent an enormous 
investment opportunity for vehicle and battery manufacturers. Given 
increases in GDP per capita, vehicle ownership in India is expected to grow 
7% annually until 2035. From 1991 to 2012, the number of cars, motorcycles, 
and scooters in India increased 7X against a 5X GDP-per-capita increase. 
In 2019, four million cars, 12 million auto-rickshaws, and 12 million two-
wheelers are expected to be sold nationwide. From 2019 to 2035, vehicle 
stock of cars is expected to increase from 35 million to 96 million, while 
vehicle stock of three-wheelers is expected to grow from 7 million to  
28 million.

Electric two- and three-wheelers are expected to become competitive on a 
capital cost basis by 2023, and will account for over 80% of such passenger 
vehicles sold by 2030 (Exhibit 14).iii  While cars are also estimated to have 
a lower upfront cost by 2023, they constitute only about 30% of India’s 
total vehicle miles traveled. Surrounding economies like Indonesia and the 
Philippines are likely to see similar light EV growth in the near term.19 Policy 
e�orts to support battery manufacturing and EV ecosystem development 
may enable other nations in the region to take advantage of this rapid 
market growth.20

EXHIBIT 14
India: Expected EV Sales Penetration with Signi�cantly Cheaper and Long-
Lasting Battery Technologies

iii Segment-wise penetration of EVs in new vehicle sales in this scenario are 30% for private cars, 70% for commercial cars, 40% for buses, and 80% for two- and three-wheelers 
by 2030. This scenario assumes that FAME II and other policy measures initiated by central and state governments will help trigger rapid adoption of EVs in the country.

   Three-wheelers

   Two-wheelers 

   Cars (Private) 

   Buses

   Cars (Commercial)
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KEY NEAR�TERM CHALLENGES

Despite this trajectory and huge market opportunities, 
Li-ion will not be a winner-take-all solution. 
Rapid performance improvements coupled with dramatic cost reductions 
have made Li-ion the seemingly ubiquitous battery technology. Its 
characteristic high energy density (relative to its predecessors) has made it 
ideal for personal electronics and mobility applications, as most consumers 
are content to recharge these devices once or twice a day. As Li-ion 
production has scaled to meet growing EV demand, manufacturing and soft 
costs have declined precipitously, making longer-duration applications seem 
almost within reach. Unfortunately, analysts and investors widely agree that 
the costs and characteristics of Li-ion (i.e., high-power, short-duration, shallow 
depth of discharge, or limited life cycle) make it less suitable for longer-
duration grid-tied or longer-range or weight-sensitive mobile applications 
(e.g., aviation). Exhibit 15 shows that the levelized cost for grid applications of 
Li-ion depends signi�cantly on achieving scienti�c improvements associated 
with advanced lithium ion, in addition to cost decreases from economies of 
scale (see Appendix for modeling assumptions).  
 
Li-ion technologies may be outcompeted by other  
technologies based on:
1. Plateauing Performance Improvements: 

a. Safety: Li-ion requires costly thermal management systems, and �re 
risks continue to impede more rapid deployment. 
b. Energy Density: High-energy and high-power applications such as 
heavy transport and aviation will require technology breakthroughs 
beyond the pace of current incremental improvements in Li-ion batteries.iv  
c. Deep Discharge and Long Life Cycle: Long life cycles are especially 
important for grid applications. Li-ion batteries will need to attain 
2X cycle life improvements at 100% depth of discharge to remain 

26 | ROCKY MOUNTAIN INSTITUTE 

iv   Current energy densities are <300 Wh/kg (gasoline = 12,000 Wh/kg).
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competitive for today’s most common grid applications on a levelized 
cost basis (Exhibit 15). Future markets such as integrating fast charging 
and long duration storage are likely better suited to other technologies. 

2. Constraints on Further Cost Decreases: 
a. Cobalt Supply Constraints: Preferred Li-ion chemistries rely heavily 
on cobalt for stability and safety; cobalt supply, however, is limited and 
mostly supplied from unstable regions. 
b. Limited Economies of Scale Gains: As manufacturing and balance-
of-system costs continue to decline, Li-ion pack costs will approach the 
underlying cost of raw materials, limiting the potential for further soft cost 
reductions. 

EXHIBIT 15 
Modeled Levelized Cost of Storage for Battery Technologies for Various 
Grid Services



In the context of grid storage, the market needs to 
move past making decisions on a capital cost basis, but 
there are challenges to using a cost-of-service-provided 
approach.
Transparency into levelized cost of storage (LCOS) across di�erent grid 
services is crucial for making e�cient decisions on battery system selection 
and a�ordable ratemaking. Unfortunately, a lack of meaningful or veri�able 
data threatens to slow progress on grid-tied battery adoption.

Alternatives to Li-ion could be well suited to multiple grid-tied  
use cases.  
These technologies vary widely in their levelized cost to provide 
di�erent grid services, due largely to their respective depth of discharge 
capabilities, degradation rates, and lifetimes. Battery technologies that o�er 
lower degradation rates (e.g., �ow, high temperature, or Li-ion LFP) could be 
less risky options for value-stacking use cases. Exhibit 16 shows modeled 
LCOS outputs for Li-ion and �ow batteries under an assumed set of stacked 
value grid-support applications. See Appendix for details. Exhibit 17 
summarizes the key performance characteristics and suitability of di�erent 
battery technologies for various grid use cases.

LCOS needs to account for these value-stacking capabilities, 
but cumulative degradation and cycling costs for stacked value 
propositions are nascent.   
Unfortunately, the long-term impacts of providing di�erent grid services 
on a battery’s cycling and degradation are poorly understood, with limited 
aggregated public data and signi�cant variation between manufacturers. 
The US Department of Energy has created a Protocol for Uniformly 
Measuring and Expressing the Performance of Energy Storage Systems 
that outlines standard parameters to compare di�erent solutions for 
speci�c use cases.21  Such standardization is important, but the complexity 
(e.g., number of use cases, amount of information needed, di�culty and 
e�ort of obtaining that data) will remain a signi�cant barrier to meaningful 
comparison that will only be reduced over time as storage markets mature.

EXHIBIT 16 
Modeled LCOS for Flow and Li-ion Batteries For Various Grid Services, 
including Degradation Costs

BATTERIES TO 2025: LI�ION DOMINATES THE MARKET
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EXHIBIT 17
Battery Technology Suitability for Grid Use Cases22,v

v Primary response includes applications such as frequency regulation and control. Secondary response includes applications such as following reserve, spinning and non-
spinning reserve, and renewables integration. Peaker replacement refers to a system capacity mechanism to meet peak demand.

 

Energy Arbitrage Primary response 
 Peaker 

Replacement 
Secondary 
Response 

Distribution 
and Transmission 

Deferral
Bill Management

 ISO/RTO Utility Customer

Duration (hours) 1–24 0.02–1 2–6 0.25–24 2–8 1–6

Size (MW) 0.001–2,000 1–2,000 1–500 10–2,000 1–500 0.001–10

Cycles/year 50–400 50–15,000 5–100 20–10,500 10–500 50–500

 Technology suitability for di�erent use cases based on parameters above

Current Li-ion   

Advanced Li-ion

Flow

Zinc

High Temperature

   High Suitability    Medium Suitability    Low Suitability
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Beyond 2025 
THE TRANSFORMATIONAL 
POTENTIAL OF NEXT�GENERATION  
BATTERY TECHNOLOGIES 

3 DIVERSE PATHWAYS TO MARKET  
 
An increasingly electrified, Li-ion battery-dominated world 
in the near term will open, in the longer term, significant 
new market opportunities for other emerging battery 
technologies that are nearing commercial readiness.
RMI’s analysis of emerging battery technologies identi�ed six categories 
(in addition to advanced Li-ion) with signi�cant potential for achieving 
commercial production by 2025 (Exhibit 18). Potential commercialization 
pathways for each category are described in greater depth in the 
Appendix. Company commercialization timelines are examples, not 
endorsements, for each of the larger categories.



Examples of Emerging Battery Technology Commercialization Timelines

MARKET 
ENTRY
Low barrier to 
entry allows for 
early-stage  
prototyping

2018 2020 2025

MARKET 
GROWTH
High willingness 
to pay enables 
iterative product 
improvement 
cycles

MASS-MARKET  
CAPTURE
Mature product 
available. Invest-
ments in scaling 
and customer 
acquisition

Lithium Metal
Liquid electrolyte

Solid State Electrolyte

Drones and 
UAVs

Longer 
Range EVs

High Power 
Applications 

Lithium Sulfur Lithium Sulfur Buses and 
Trucks

Aviation and 
Military

Longer Range 
EVs

Zinc

Zinc Air

Low-Cost Backup 
and Microgrids

Defer Grid 
Upgrades

Ultra-Low-Cost 
Mobility

High Temperature High Temperature

Grid 
Balancing

Industrial 
Microgrids

Long Duration 
Grid Storage

Flow Batteries Redox

Consumer 
Electronics

Hybrid-Battery 
Mobility Fast EV Charging

Zinc Solid State Electrolyte 

Zinc Aqueous

EXHIBIT 18 Potential Commercialization Pathway

Industry/
Microgrids
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Duration Grid 
Storage

EV Charging Grid 
Deferral

High Power
Advanced supercapacitors

Sodium Ion
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THE PROMISE OF SOLID�STATE TECHNOLOGY 

Solid-state technology is poised to massively disrupt 
the storage industry by unlocking new opportunities for 
cheap, safe, and high-performing batteries.

1. Solid state will be adopted first by OEMs that are currently pursuing 
advanced Li-ion for its safety and temperature characteristics 

• Current Li-ion batteries have �ammable liquid electrolytes. Thermal 
runaway is a persistent risk across all applications, and Li-ion will face 
increased scrutiny as the market continues its exponential growth. 

• Solid-state batteries are non�ammable, and could reduce dendrite growth, 
improve battery life, and improve performance in cold and hot climates. 

• Safety regulations will preclude the use of Li-ion batteries in 
applications like air travel; they also face shipping constraints. 
 

• Mobility and storage applications require costly temperature controls, 
which are increasingly targeted for cost reductions. 

2. Solid state will enable higher energy density, opening additional 
market opportunities

• Solid-state research has been driven by the desire for more energy-dense 
batteries, with the potential to quadruple speci�c energy (Exhibit 19vi).23 

• Solid state has the potential to make materials like Li-metal rechargeable. 

• Li-air has been long sought after but will depend on signi�cant cathode 
improvements. Heavy R&D investments and continued improvements 
in zinc-air and Li-plating will make bene�cial contributions.

EXHIBIT 19 
Speci�c Energy (Wh/kg) of Di�erent Battery Chemistries

“ Once we move to solid state, you will see a 
whole other innovation curve.” 
– Dr. Gerbrand Ceder, Lawrence Berkeley National Lab

vi Possible represents possible for R&D to achieve, not theoretically possible based on personal interviews and research (Zn-air theoretical speci�c energy density =1,350 
Wh/kg, Li-air theoretical = 11,430 Wh/kg. See Appendix for details)

   Li-Ion Chemistries     Other Chemistries
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3. Solid state will enable the use of much cheaper materials

• Solid state could help researchers overcome rechargeability 
challenges in less expensive materials like zinc, aluminum, and sulfur, 
which could enable $30–$40/kWh batteries. (see Exhibit 20) 

• Some solid-state materials, such as Ionics’ organic polymer, could 
be commercialized in Li-ion but then subsequently enable very 
inexpensive rechargeable alkaline batteries.  
 
 

4. Manufacturing integration is crucial to long-term success

• Some companies and research initiatives are focused on how to integrate 
solid state into existing Li-ion battery manufacturing processes, but some 
solid-state gigafactories are being planned that use di�erent processes. 

• Li-metal investment must focus on low-lithium and thin �lm Li-foil 
manufacturing 

• Several solid-state companies are targeting 2024–2025 for initial EV 
commercial lines, but demonstrations would likely happen before then.

EXHIBIT 20
Estimated Cost of Raw Materials for Di�erent Battery Chemistries24

   Li-Ion Chemistries     Other Chemistries
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EMERGING MARKETS: LONG�DURATION STORAGE, 
HEAVY TRANSPORT, AND FAST�CHARGING 
INFRASTRUCTURE 

The potential size of and nascent demand in newly accessible 
battery application markets will reinforce increasing investment in 
R&D, demonstration, and early-stage deployment for both next-
generation Li-ion and other battery technologies that are  
nearing commercialization.
Batteries will play a foundational role in scaling EV and related markets 
over the next decade. The large-scale investments in renewable energy 
and Li-ion batteries that support this ecosystem will also open up entirely 
new markets. The next sections consider each of three emerging market 
opportunities for advanced batteries: long-duration energy storage 
systems, heavy transportation, and EV charging system integration. They 
illustrate both the nascent market opportunity and some likely technology 
solutions that market actors should follow closely as they design policy, 
incentive, manufacturing, and investment strategies. 

Long-Duration Storage 
The long-duration stationary energy storage market will be large 
enough to commercialize new technologies.
Demand for stationary storage reached 20 GWh in 2018, and is projected 
to almost double every year in the next decade. This will play a large role 
in integrating  renewable energy penetrations of 16%–20% by 2025.25 
Balancing the grid and replacing fossil fuels are expected to increase grid-
connected battery support to 750 GWh over the next decade, with China 
and the United States projected to be the largest market segments.26

However, meeting electricity goals for <2C° global temperature increase 
may require deploying batteries much faster than Li-ion price decreases 
are predicted to enable (unless demand flexibility can be increased).
BNEF modeled the estimated amount of batteries needed to integrate the 
renewable energy generation required for a <2 degrees Celsius warming 
scenario and found that Germany, California, and North Central China 
required between 4 and 13 times more energy storage than is expected 
based on Li-ion cost decreases (Exhibit 21).27 Aggregating this estimate 
would require 270 GW of additional storage by 2040 just for these three 
regions, on top of the 900 GW already expected globally based on price 
curves. A large portion of this capacity is expected to consist of storage 
durations in excess of four hours. 

A simpli�ed top-down analysis provides a complementary perspective. 
High renewable penetration modeling scenarios generally assume that 
3%–7% of the total installed renewable capacity is required as additional 
interday energy storage to account for forecast and demand uncertainty.28 
If 60% of the 6,500 GW of current global electricity generation capacity 
were met with variable renewable energy, it would require between 120 
and 280 GW of long duration storage, or enough capacity to power France 
plus Germany.29
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EXHIBIT 21 
Estimated Grid-Scale Battery Additions (MW) by 2040

   Predicted Battery Deployment Due 

   to Li-ion Cost Decrease
    Storage Deployment Needed  

    for <2 Degrees Warming

Source: Je� Callens, “Can Wind, PV and Batteries Keep Us Within 2 
Degrees?” BNEF, 2018
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Longer duration storage needs will be best addressed with low-cost 
batteries that are less exposed to degradation and duty-cycle limitations.

As renewable energy penetration increases, batteries will need to 
discharge over longer periods of time at extremely low cost points.
Short-duration, high-priced storage applications like peak-demand 
shaving and ancillary services are well suited to the performance and cost 
characteristics of Li-ion batteries. Grid economics for longer duration storage, 

however, require that storage technologies compete favorably on a levelized 
cost basis with least-cost generation alternatives (Exhibit 22). As storage 
requirements move beyond the four-hour threshold, technologies with lower 
duty-cycle degradation at full depth of discharge, lower material costs, and 
longer lifetimes will be better suited to provide those lower costs than what 
most analysts believe Li-ion can achieve. Market designs for speci�c battery 
durations, such as four-hours, often have unintended consequences, and can 
act as a disincentive for long-duration storage technologies.30
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EXHIBIT 22
Duration Portfolio Thinking Suggests That Intraday Storage Will Be an Important Market Segment as Renewable Energy Penetrations Increase
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Low-cost, long-duration technologies continue to improve with research, 
demonstration, and deployment. 
The expected scaling markets for long-duration storage technologies 
focus on the value of energy over power, as is common in some resilience 
and deferral applications. Exhibit 23 illustrates the relative performance 
attributes of battery technologies that will likely be better suited for long-
duration storage.

Zinc Batteries
Zinc-based anodes, coupled with low-cost cathodes, like air, are used to 
create an inexpensive battery, with improving cycle life. These could also 
include zinc alkaline batteries in the future, enabled by solid-state electrolytes.

Flow Batteries
Flow batteries use externally stored �uids to generate energy as they �ow 
past each other. They have reached a point of maturity and some can 
outcompete Li-ion for energy-focused, long lifetime use cases.

High-Temperature Batteries
Liquid-metal batteries could provide low-cost, long-duration grid balancing 
based on their safety and long life cycles and preference for active cycling, 
similar to traditional generators.

EXHIBIT 23
Relative Properties of Potential Long Duration Battery Technologies

Zinc High Temperature

Safety Safety

Cost Cost

Energy Density Energy DensitySpeci�c Energy Speci�c Energy

Cycle Life Cycle Life

   Current zinc

   Future zinc

   Current high temperature

   Future high temperature

Flow Batteries

Safety

Cost
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   Current �ow batteries

   Future �ow batteries
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Heavy Transportation
Battery technology advances are critical for expanding 
electrification to heavy mobility markets, which will gain increasing 
traction beyond China over the next decade.

Road Transport
Multiple large corporations have announced �eet electri�cation goals by 
2030, and as of late 2018, more than a dozen countries have agreed to 
phase out internal combustion engines.31 The combination of declining 
battery costs, mobility-as-a-service business models, increased 
urbanization, and carbon emission goals are encouraging the rapid 
electri�cation of:

• E-buses: Electric buses are already cost comparable with diesel buses on 
a total cost of ownership basis.32 They are expected to represent 60% of 
the global municipal bus market by 2030 and 80% by 2040 (Exhibit 24).33  

EXHIBIT 24 
Annual Incremental Electric Bus Adoption Forecast

• Trucking and Other Commercial Vehicles: Industry analysts estimate that 
by 2030, EVs will make up 8%, 12%, and 27% of the heavy, medium, and 
light commercial �eets respectively.34 

Aviation
Emissions from aviation are expected to triple by 2050.35  Some countries 
are leading early e�orts to shift the industry toward electri�cation. Norway, 
for example, has committed to electrifying all short-haul �ights by 2040. 
These �ights of less than three hours of travel time represent more than 
75% of all �ights taken globally.36  In fact, of the more than 39,000 new 
aircraft the industry expects to deliver over the next 20 years, 76% fall 
into this “small” size and range category (3,000-nautical mile range). At 
an assumed average unit price of $100 million, this represents a $3 trillion 
investment over that time period, or roughly $150 billion/year on a simple 
average annual basis.37 
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The Required Technology Advances are Achievable
Battery technology advances, especially in safety and energy density, are 
crucial to scaling heavy mobility markets. But the rate of battery improvement 
and innovation, and the subsequent opportunities to redesign transport 
through systems engineering, suggests that such massive transformation is 
possible. In the last 10 years, for example, electric drones have ballooned into 
a $14 billion annual market, indicative of the possibilities when whole-systems 
design can help optimize cost and performance.38 

Electric heavy transport will be enabled by advances in 
high energy-density and high power-density batteries. 
The higher safety, energy density, and performance characteristics 
of advanced storage technologies will unlock whole-systems design 
pathways (e.g., lightweighting) to reduce total system cost.

The e�ect of lightweighting can be understood by considering a 10-ton 
bus in which the original battery is 50% of the bus’s total weight (Exhibit 
25). Doubling the energy density would reduce the battery weight from 
5 tons to 2.5 tons. This unlocks a compounding e�ect as the much 
lighter vehicle would require a signi�cantly smaller battery to achieve 
the same range. This means that the cost of additional range for heavy 
transport is much smaller for high energy-density batteries (Exhibit 26).39 

EXHIBIT 25
Lightweighting Design Feedback Loop    

 

EXHIBIT 26
High Energy Density Chemistries Are Crucial for Enabling Long-Distance 
Heavy Mobility
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Additionally, lightweighting with battery materials that are safe enough to 
be incorporated into the structural elements of the vehicle will generate 
additional system e�ciencies (Exhibit 28). High-power batteries (e.g., 
supercapacitors) will be especially important for regeneratively capturing 
and leveraging inertia, and can be used to get vehicles up to speed without 
depleting the energy stored in primary batteries.

Exhibit 27 illustrates the relative performance attributes of battery 
technologies that may help unlock larger-scale adoption of electric 
heavy transport.

Li-Metal Batteries
Li-metal batteries with improved electrolytes, such as solid state, can have 
higher energy density.
 
Li-Sulfur Batteries
Li-S batteries are enabled by solid-state and hybrid electrolytes to take 
advantage of high energy density and low material costs. 

High-Power Supercapacitors
Electrochemical supercapacitors using graphene and sodium-ion batteries 
are a low-cost, high-power opportunity with signi�cant energy density 
improvements from previous supercapacitors.

EXHIBIT 27
Relative Properties of Battery Technologies That Could Accelerate Electric Heavy Transport

Li-metal Li-S High Power

Safety Safety Safety

Cost Cost Cost

Energy Density Energy Density Energy DensitySpeci�c Energy Speci�c Energy Speci�c Energy

Cycle Life Cycle Life Cycle Life

   Current Li-metal

   Future Li-metal

   Current Li-S

   Future Li-S

   Current high power

   Future high power
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