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1 Additional general methods

1.1 Data extraction from previously published plots

Data collection focused on numerically presented data when available. When data underlying plots were

unavailable, values were extracted from plots digitally using WebPlotDigitizer (v 4.1, released January 8,

2018).1

1.2 Data series naming convention

When possible, series were named by combining the last name of the primary, original author, collector, or

presenter of the data with the year of publication or presentation. If the data are more commonly associated

with a certain organization than individual researchers, the name of the organization that collected, pre-

sented, or published the data was used instead. If original authorship could not be determined reliably, the

author of the publication in which the data were found was employed. Similarly, when sufficient details and

references were available, the year was assigned as close as possible to the original reporting or presentation

date for a given data series. For example, if a book published in 2005 contained a chart presented at a

conference in 2003, the data series name would include 2003. Additional clarifying or distinguishing details

are included after the year.

1.3 Plotting

To allow monthly and annual data to be plotted together, annual data are plotted midyear, specifically on

July 2nd. Plots displaying a third dimension as a color gradient were generated using functions from the

plot3D2 and colorspace3 R packages.

When co-plotting data with different units (e.g. series with price per kWh and price per kWh2/L), the

values were normalized by dividing by the maximum value in the series.

In most cases, slopes provided on plots are independent of the base used when taking the logarithm. This

is not the case for equation 1 (Moore’s law). In all cases, base 10 was employed.

1.4 Developing projections from previously reported performance curve analy-
ses

Data, lines of best fit, and learning rates were collected from previously reported analyses where the price of

lithium-ion cells, in currency units per kWh, was regressed against cumulative installation, production, or

sales, in units of energy capacity. (The full set of analyses found in the literature is reported in Table S2.)

In Figures 2 and S3–S6, the data are plotted along with simple, extrapolation-based projections. Figures

S3 and S5 also present the lines of best fit, extracted from the graphs published in the previous analyses.
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When plotting these data and projections based on them, we did not make any assumptions about inflation

correction, and the data are plotted as presented by the authors.

Figure 2 contains projections based on the price series alone. For a given price series, a negative ex-

ponential growth (decay) curve with time (equation 1, Moore’s law) was fit to the data, and the resulting

best-fit line was used to project prices from the year following the end of the reported price series through

2050.

Projections based on previous analyses’ price and cumulative market size series are presented in Figures

S3–S6. These projections differ based on how their future market size series were developed. First, for

Figures S3–S4, for a given analysis, the lagged (lag = 1) differences of the cumulative market size series

were determined, yielding an annual market size series. Then, an exponential growth model was fit to the

annual market size data series (annual market size = ABx where x is the year), and the model was used to

project annual market size from the end of the published data series through 2050. To the latest reported

cumulative production value, a cumulative sum of the annual market size projection values was added to

yield a cumulative market size projection. For a given analysis plotted in Figures S5–S6, an exponential

growth model was fit to the reported cumulative market size series, and the model was used to project

cumulative market size from the end of the published data series through 2050. Then, for the projections

presented in Figures S3–S6, prices were extrapolated using equation 2 in the main text (Wright’s law). For

each analysis, these projections started from the latest price and cumulative market size and were developed

using the cumulative market size projection and published learning rate. In some cases, this “learning rate”

was referred to as an “experience rate” or “price experience factor” and in other cases it was derived from a

reported “progress ratio” or “progress rate”.

As the plot reported by Shinoda and coworkers4 was presented with dependent axis units of k¥/kWh,

the data for their line of best fit were converted to USD. First, we assumed that the plotted data points

corresponded to annual values from 1995 through 2005, which is consistent with their reference to METI’s

“Machinery Statistic Report, 1993–2005” (their ref. #24). Second, the values for plotted points along the

curve were extracted from the plot. Third, independent axis values (i.e. the cumulative production values)

were regressed against time. An exponential model provided a poor fit (adjusted R2: 0.8575) so a polynomial

fit of degree 2 was employed, using the lm and poly functions in R, resulting in a better fit (adjusted R2:

0.9972). The resulting model provides an estimate of the relationship between cumulative production values

and time employed in their work. Fourth, price and cumulative production values of points along the trend

line were extracted, and the polynomial model was used to assign these values to years. Finally, these years

were used to obtain appropriate foreign exchange rates to convert the corresponding price data to USD,

and the data were converted from Yen to USD using these rates. The resulting price versus cumulative

production series reflects the plotted trend line.
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1.5 Methods flowchart

1) Data collection
Resources included: journal articles, conference papers, government reports, press releases, 

industry presentations, manufacturer catalogues, magazine articles, book chapters, etc.

Found via: Web searches, journal websites, article databases (e.g. EBSCOhost, LexisNexis), 
manufacturers’ websites, consultants’ websites, government ministries and research 

organizations’ websites, physical books, etc.

Digital copies of resources, in accessible file formats along with their metadata, 
were organized and archived

Does the resource 
reference another 

resource as the 
source of its data?

Yes

No Add data and relevant 
metadata to “Lithium-

ion technology 
database”

Add data to dedicated “Data 
series” spreadsheet (e.g. xlsx, 

csv files) containing data as 
well as relevant metadata

Relevant metadata include: independent and 
dependent axes types and units (note: in this work, 

most raw data series have time as their independent 
axis variable); series name and abbreviation; resource 

type, title, date published, date accessed, and 
hyperlink; cell shape if specified; currency type and 

details including whether it is nominal or real.

Search for and use original source

Note: if a resource’s data are widely employed, 
consider including them in plots for comparison 
purposes even if they are derived from another 

source

Do the data comprise 
more than two 

sequential (e.g. in 
time) data points?

Yes

Convert monetary data to standard currency and adjust for inflation 
Convert other units (e.g. scaling units) to standard set of units 

Develop representative series while avoiding over-reliance and double-counting 
Apply models of cost change to representative series

2) Data harmonization

3) Data analysis and modeling

No

Figure S1: Flowchart summarizing our general data collection, harmonization, and analysis approach.
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2 Data collection, preparation, and analysis

2.1 Lithium-ion technology database

Data on battery specifications and prices were collected from a wide variety of sources and compiled into

a human- and machine-readable database. Sources include published academic articles, books, government

and industry reports, product catalogues and specification sheets, conference proceedings, presentations,

magazine articles, and press releases. The database contains 1716 unique records of cells employing lithium-

ion and lithium-ion polymer technologies for the years 1990 through 2019. These records were collected from

nearly 600 different sources. These records were further classified by a variety of characteristics, including:

1. detail level (e.g. cell, module, pack, or system)

2. battery development status (e.g. lab, prototype, commercial, etc.)

3. value type (e.g. nameplate, measured, estimate, etc.)

4. shape (e.g. cylindrical, prismatic, pouch, etc.)

Data describing a given battery were assigned the most relevant year possible, for example, the earliest

availability or manufacturing date, if such details were reported. If more relevant dates could not be deter-

mined, data were assigned the year of publication or presentation. Data collected from journal articles were

assigned the year of submission, if available, or otherwise the date of publication.

When reports provided ranges without specifying a most probable, average, median, or other “central”

value, the average of the lower and upper bounds was used.

Our analysis includes cylindrical, prismatic, and pouch cell types; coin cells were excluded. In a few

cases, the classification of a record as describing either a prismatic or pouch cell was uncertain so additional

information was used to infer cell type. For example, in a few cases, lithium-ion polymer cells were assumed to

be pouch cells. Broad estimates of lithium-ion technology’s energy density or specific energy, often presented

when summarizing or comparing technologies, were also collected but were not employed in most analyses.

Most analyses described herein used the database records that contain nameplate values of commercial

cells. Notably, the representative performance metric series were constructed with nameplate values of

commercial cells that represented the cells’ maximum charge capacities (e.g. using charge or energy capacities

measured at 0.2 C or ItA for batteries intended to have high energy capacity).

Data collection focused on the two intensive physical properties highlighted in this study: energy density

and specific energy. Thus, most database records contain energy density and/or specific energy values, or

the data required to derive these values, for individual lithium-ion or lithium-ion polymer cells. The focus on

cell-level values avoids the complexity introduced by the diversity of module, pack, and system configurations

and components.
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When available, database records contain other values, such as: nominal voltage, charging and discharging

voltage cutoffs, mass, volume, charge capacity, energy capacity, various measures of peak and continuous

power, cycle-life records and estimates, prices, and cell codes. Additional classification details were included

when available. For example, when the source was clear, batteries were classified by their intended application

(e.g. use in portable electronics, high power portable devices, electric vehicles, extreme environments,

stationary storage, etc.).

If the original record did not include energy density and/or specific energy values, when possible these

were calculated from the energy capacity, volume, and mass of the cell, as given by:

energy density
(

Wh
L

)
=

energy capacity (Wh)
volume (L) (1)

and

specific energy
(

Wh
kg

)
=

energy capacity (Wh)
mass (kg) . (2)

Energy capacity was often estimated from charge capacity and nominal voltage values, using:

energy capacity (Wh) = charge capacity (Ah)× nominal voltage (V) . (3)

Of the nameplate records of commercial lithium-ion cells, approximately 25% of energy density and 35%

of specific energy values were obtained directly from the source while 75% of energy density values and 65%

of specific energy values were calculated from other reported cell characteristics using the aforementioned

formulae. Of the same set of nameplate records, approximately 15% contain energy density and specific

energy values both reported directly by the source (i.e. the nameplate energy density or specific energy)

and calculated from other reported data (e.g. charge capacity, voltage, mass, and volume). Comparing

the calculated to the directly reported values suggests that calculated values are on average very close to

nameplate values (within ca. 1% see Figures S28–S29). This close agreement indicates that calculated and

directly reported energy density and specific energy values can be combined without introducing considerable

error.

In a few cases, energy density was estimated by multiplying a given specific energy value by the cell’s

mass and dividing by the cell’s volume. Similarly, energy density values could be used to estimate specific

energy given reported cell masses and volumes.

Masses and physical dimensions (e.g. diameter, height, length, width, thickness, etc.) were sometimes

presented as either average or maximum values. When both average and maximum values were available,

the maximum volume and mass values were used to calculate energy density and specific energy values,

respectively, which might result in a slight underestimate of the derived intensive values. For pouch cells,

tabs were excluded from volume measurements.

Similarly, some sources presented different charge or energy capacity values. The higher of the two

capacity values was often denoted as “standard”, “nominal”, or “typical”, while the lower was denoted as

“rated” or “minimum”. When both capacity values were available, the higher of the two was used to calculate
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energy density or specific energy. Of the records containing calculated energy density values, about 26%

had both typical and rated charge capacity values. On average, typical capacities were about 4.5% higher

than rated capacities. A comparison between the two classes of capacity values is presented in Figure S30.

Sources that only contained values referred to as “rated” or “minimum” were excluded from this analysis.

When capacity values were provided at multiple temperatures, the value for the temperature closest to 20–25

°C was employed. When capacity values were provided at multiple discharge rates, the capacity at 0.2 C

(or 0.2 ItA) was employed. Energy density, specific energy, and capacity values reported for discharge rates

higher than 0.2 C were excluded from this analysis.

For cylindrical cells, when dimensions (i.e. diameter and height) were unavailable but an unambiguous

cell code (e.g. 18650, 21700, etc.) was available, the volume was estimated from the cell code. In the

database, about 11% of nameplate energy density values for commercial, cylindrical, lithium-ion cells rely

on volumes derived from cell codes. This approach could introduce error as many commercial cylindrical

cells slightly exceed the volume defined by their cell code. For example, the prevalence of various nameplate

volumes for “18650” cells are plotted in Figure S31, and the difference between these volumes and that

defined by the cell code is plotted in Figure S32. As a result, use of volume data derived from cell codes

could result in a slight overestimate of calculated energy density values. However, a sensitivity analysis (vide

infra) suggests inclusion of these data in the development of a representative performance series does not

result in a considerable overestimate of energy density values.

Distance matrices were applied to the energy density values in each year to search for possible duplicates.

Records with close measures of energy density were identified and their other characteristics compared to

determine whether a given record was a simple restatement of another. If a record was found to be a

restatement of another record in the same year, the more detailed record was kept in the analysis while the

less detailed record was excluded. The same method was applied to identify and exclude duplicate specific

energy values.

2.2 Collection, harmonization, and combination of data series

ACDC 2018 Production. Data on Chinese manufacturing output of lithium-ion batteries were obtained

via the All China Data Center’s (ACDC’s) China Data Online service in August 2018.5 Output per month

and accumulated annual output through a given month were available for most months from January 2007

through October 2015. The units given for the data were “10000 units.” For years where monthly data

were available for every month (2007 through 2012), the accumulated totals diverged from the sums of the

monthly data, as given in Table S1. For the years, 2013 through 2015, monthly data were not available for

all twelve months. Thus, the ACDC 2018 series used in this work comprises the yearly accumulated (i.e.

December) values for the years 2007 through 2014.

Berenberg 2016 Price per Energy Capacity. In a February 2016 report,6 Berenberg analysts published
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Table S1: Differences in yearly Li-ion battery output data from ACDC (in units of “10000 units”)

Year
Yearly sums

of monthly output

Accumulated output

(December value)

Relative difference

(Yearly sums as reference value)

2007 12682 14498 14.3%

2008 92307 103329 11.9%

2009 178515 187517 5.0%

2010 258684 268699 3.9%

2011 294179 296633 0.8%

2012 418507 417850 –0.2%

an annual series of price per energy capacity for the years 2001 through 2015. The prices appear to be specific

to “18650 format lithium-ion cylindrical” cells. The data were presented graphically in units of USD per

kWh and were assumed to be nominal values. They were extracted and adjusted to 2018 USD as described

in the general methods section.

Berenberg 2016 Production. In a February 2016 report,6 Berenberg analysts published an annual series

of global lithium-ion cell production for the years 2001 through 2015. The data were presented graphically in

units of GWh. While in context, it was unclear whether this series referred only to the production of 18650-

type cells or all cell types, comparison with other data series strongly suggests that this series represents the

annual production of all types of lithium-ion cells.

Blomgren 2000 Specific Energy and Energy Density. Annual specific energy and energy density series

for 18650-sized cylindrical lithium-ion cells were obtained from a conference paper written by Blomgren for

a meeting in January 2000 and published by IEEE.7 Data were available for the years 1994 through 1999

with yearly resolution. The series were presented graphically and in units of Wh per kg for specific energy

and Wh per liter for energy density.

BNEF 2013 Price per Energy Capacity. In a 2013 presentation to the Clean Energy Ministerial,8

Liebreich of Bloomberg New Energy Finance (BNEF) presented a series of “historic consumer Li-ion battery

prices” from 1995 through 2005. While the y-axis is labeled “battery pack” cost, as these values are historic

and represent consumer battery prices, they are assumed to be close to cell-level values, in units of USD/kWh.

The series was also assumed to comprise nominal prices. The data were presented graphically, and each

unlabeled point was taken to represent one year between 1995 and 2005. The data were extracted and

adjusted to 2018 USD as described in the general methods section.

BNEF 2013 Production. In the aforementioned 2013 presentation to the Clean Energy Ministerial,
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Liebreich of BNEF also presented a series of “cumulative production capacity” from 1995 through 2005,

with units of MWh. These values were assumed to represent cumulative production of lithium-ion batteries,

as measured in energy capacity. They were extracted and subtraction of the previous year’s value from a

given year’s value gave annual production values for the years 1996 through 2005.

BNEF 2019 Price per Energy Capacity. In a March 2019 blog post9 describing their pack-level price

series, Goldie-Scot of BNEF included an annual cell-level price per energy capacity series for the years 2013

through 2018. Considering their focus on batteries for transportation applications, this series is classified as

representing a combination of cell types. The data were presented graphically and numerically, in units of

2018 USD per kWh.

Brodd 2002 Capacity per Cell. In a conference paper presented in May 2002,10 Brodd included a nearly

annual series of lithium-ion cell capacity for ICR18650 cells, for the year 1991 and years 1994 through 2002.

The values were presented graphically in units of Ah.

Brodd 2002 Production: Cells. In the aforementioned conference paper,10 Brodd included an annual

series of lithium-ion cell production, for the years 1993 through 2000. The values were presented graphically,

in units of millions of cells. No clear reference was made to a specific cell shape, so the series was categorized

as non-specific.

Broussely 2003 Specific Energy and Energy Density. Annual specific energy and energy density

series for “low-power–high-energy design” lithium-ion cells were obtained from a conference paper written

by Broussely and Archdale for a symposium in September 2003 and published in the Journal of Power

Sources.11 Neither the figure nor surrounding text specified a cell size or shape. Data were available for the

years 1991 through 2002 with yearly resolution. The projections from 2003 through 2012 were not included

in this analysis. The series were presented graphically and in units of Wh per kg for specific energy and Wh

per liter for energy density.

Cairn ERA 2016 Cost per Energy Capacity. Deutsche Bank published a report in 2016 that contains

a cost series for lithium-ion technologies, including an “energy cell average” in units of USD per kWh.12

The report cites “Cairn ERA Advisors” as the source of these data, which are provided graphically and

numerically. While annual data were provided for 2010 through 2020, the data for 2016 through 2020 were

assumed to be projections and thus excluded from this analysis. The remaining values were assumed to be

nominal and were adjusted to 2018 USD.

Cao 2015 Production. In a book chapter, Cao and coauthors published a chart of lithium-ion battery

production in China from 2010 through 2013.13 The data were presented graphically with annual resolution

and in units of billions of batteries.
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China 2018 Production. The data that were available in both the ACDC and NBSC series (March

through October 2015) were nearly identical (<0.001% relative difference), strongly suggesting that they

measure the same quantity. The yearly accumulated output data from both series were combined to give a

series that extends from 2007 through 2017. All values were divided by 100 to give values in “millions of

units”.

Citi 2015 Price per Energy Capacity. Citigroup published a series of historical consumer lithium-ion

battery prices derived from Japanese METI statistics.14 The annual series covers the years 1995 through 2011

and assumed a conversion rate of 100 Japanese Yen per USD. The prices, in USD per kWh, were assumed

in this study to be nominal and thus were adjusted to 2018 USD.

Google Patents (all). Google’s public patents data15 (updated as of March 6, 2019), were parsed using

Google’s BigQuery16 web service, to extract all records (patent publications) labeled with the International

Patent Classification (IPC) symbol “H01M 10/0525”, which corresponds to “Rocking-chair batteries, i.e.

batteries with lithium insertion or intercalation in both electrodes; Lithium-ion batteries.”17 The entries’

filing, publication, and grant dates, as well as their application numbers, family IDs, country codes, ap-

plication kinds, assignees, and localized titles were then sorted by ascending filing date and exported to a

csv file using Google’s Data Studio tool.18 The records (39,755) were grouped into simple families (using

the “family_id” field) and included patents (34,778 simple families), translations (39), utilities (3,806), and

PCTs (1,132). The number of patent families filed in each year was counted to yield an annual series. If a

family contained entries filed in multiple years, the earliest filing date was employed. Non-granted patent

applications were not excluded from these sums.

Google Patents (granted). This series comprises the data described in the Google Patents (all) but

limited to those entries for which a patent has been granted (“grant_date” not equal to 0). The resulting

entries were similarly grouped by simple patent family and the numbers per year, based on earliest filing

date, were counted.

IIT 2007 Demand: Cells: Cylindrical, Prismatic, Pouch, and All Types. In a 2007 report,19

the Institute of Information Technology (IIT) published plots and tables containing both annual records

(1996 through 2006) and projections (2007 through 2016) of lithium-ion battery market volume by cell type

(cylindrical, prismatic, laminate (or “pouch”) cells, and HEV cells) as well as a sum for all types of cells.

Data for cylindrical, prismatic, and laminate cells were available for all 11 years, while HEV cells were not

included until 2006. Values were obtained from the tables for the years 1996 through 2006. The values are

more specifically labeled as “Cell demand” in units of millions of cells per calendar year. Additional plots

in the report’s next section (“Chapter 1 LIB Market Bulletin 07Q1”) suggest that shipment and demand

values (measured in millions of cells per month) are very similar, at least for 18650 cells over the course of

2006.
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IIT 2007 Price per Energy Capacity: 2.0 to 2.8 Ah. In the aforementioned 2007 report, IIT published

a set of bare cell prices, in USD/cell, for 18650 cylindrical cells with average cell capacities of 2.0, 2.2, 2.4,

2.6, and 2.8 Ah.19 Values were reported graphically for quarters from 2004-Q1 through 2006-Q4. Data for

capacities of 2.0, 2.2, and 2.4 Ah were presented for all twelve quarters. For 2.6 Ah cells, data were presented

only for 2005-Q3 onward and for 2.8 Ah cells only for 2006-Q2 onward. The values of charge capacity (units:

Ah per cell) were multiplied by an average cell voltage of 3.65 V to obtain values of energy capacity (units:

Wh per cell). The prices series values were then divided by their respective energy capacities per cell to yield

series of prices per energy capacity (units: USD per Wh). The values were multiplied by 1000 to convert

them to USD per kWh. The prices were assumed to be nominal and were adjusted to 2018-Q2 USD.

IIT 2007 Shipment: Cells, Value: Cylindrical and Prismatic, Pouch, and All. In the same 2007

report, IIT published charts and tables of secondary cell shipment numbers (units: millions of cells per year)

and value (units: billions of Yen per year).19 Both series were annual, separated the data for cylindrical and

prismatic from those for laminate cells, and were presented numerically and graphically. Data for cylindrical

and prismatic batteries were presented for the years 1992 through 2007 while laminate batteries data were

presented for 1997 through 2007. The sum of both cell shipment data series provided a series for the number

of all cells shipped. Another table provided the total shipment of lithium-ion cells (units: millions of cells

per year) for the years 2000 through 2007, confirming the summed values. Similarly, the two series of value

data were summed to provide a series for shipment value of all lithium-ion cells. The values for 2007 were

projected and excluded from this analysis. The currency-valued series were converted from Yen to USD and

adjusted to 2018 USD, as described in the general methods section.

IIT 2011 Shipment: Cells: Cylindrical, Prismatic, Pouch, All Types. In a 2016 report,20 Horn

presented a figure showing shipment values for every calendar quarter from 2002 through 2012. The values

are presented graphically; for cylindrical, prismatic, and pouch cells; and with units of millions of cells per

month. The graph is “based on data from IIT reports” that appear to include reports from 2004 and 2011.

Thus, data between 2002 and 2010 are taken as records while values for 2011 and 2012 are assumed to

be projections and excluded from this analysis. The monthly shipment values (one for each quarter) were

multiplied by three (for the three months per quarter) and summed for each year to yield annual shipment

values for cylindrical, prismatic, and pouch cells. The resulting three series were summed in each year to

give an annual shipment series for all cell types.

IIT 2012 Production. In a 2014 book chapter, annual production data were reproduced from an IIT

report titled: IIT LIB-related Study Program 11–12 and dated February 2012.21 The data are the total

number of lithium-ion cells produced globally per year for the years 2008 through 2011 (units: millions of

cells per year).

Ikoma 2006 Energy Density. In a 2006 article in the Matsushita Technical Journal,22 Ikoma published
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a plot of energy density for small lithium-ion batteries (figure title: “当社の小型二次電池の工ネルギー密
度の推移”) for most years between 1993 and 2006. The values were presented graphically and in numerical

labels on the plot and given in units of Wh per liter. Based on the article, caption, and range of values, this

series was assumed to track cell-level energy density values. However, the plot and associated text does not

appear to specify cell shape and so these data are categorized as non-specific.

JPN-KOR-CHN Production, Cells. The METI, KOSIS, and Chinese (ACDC and NBSC) annual

production data for the years 2007 through 2017 were summed to give another annual series (JPN-KOR-

CHN), as shown in Figure S7. The values in the component series were assumed to refer to cells or single-cell

packs. If our assumption is incorrect, or only applicable to some of the data, the resulting series will

underestimate the total number of cells produced in a given year. Notably, for the years 2008 through 2016,

the values in this series are consistent with those obtained from other sources. From 2012 onward, the values

in this series are higher than those found in other sources.

Kittner 2017: Price per Energy Capacity, Production, Patents. These series are available as

supplementary information for an article published in mid-2017 by Kittner, Lill, and Kammen.23 All three

series are annual. The price and production series are cell level, specifically for “lithium-ion consumer cells.”

The price and production (output) series cover the years 1991 through 2015 while patent data extend from

1986 through 2015. The production series was presented in units of MWh per year. For the price series, the

nominal prices, in units of USD per kWh, were employed in this study and independently adjusted to 2018

USD.

Kanamura 2017 Energy Density. An annual energy density series for 18650-sized cylindrical lithium-

ion cells was obtained from a book chapter written by Kanamura and published in 2017.24 The data were

available for the years 1992 through 2010 with yearly resolution. The series was presented graphically and

in units of Wh per liter.

Kinoshita 2009 Specific Energy and Energy Density. In a presentation dated 2009, Kinoshita of

Sanyo Electric Company presented a plot of “gravimetric energy density” (units: Wh/kg) and “volumetric

energy density” (units: Wh/l) for cylindrical lithium-ion batteries for most years between 1994 and 2008.25

The data were extracted using the centers of the plot’s ellipses as data points. The slide notes that the

energy density values were calculated using the minimum capacity value.

KOSIS 2018 Production and Shipment, in Packs. Data on the production and shipment of lithium-ion

cells in Korea were obtained from the Korean Statistical Information Service (KOSIS).26 As of August 2018,

KOSIS provided production and shipment data for “lithium secondary battery pack” in units of thousands

from January 2005 through December 2017 with monthly resolution. This series was summed for each year

from 2005 to 2017, yielding an annual time series. All values were divided by 1000 to convert to units of
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“millions of packs”.

Mayer 2012 Patents. In a 2012 article,27 Mayer et al. published a series of cumulative patents published.

The annual series was presented tabularly and extended from 1985 through 2005. Subtraction of the previous

year’s value from a given year’s value yielded an annual patent publication series from 1986 through 2005.

Matteson 2015 Production: Energy. Matteson and Williams published a cumulative production series

for lithium-ion batteries.28 The source they cite is a website, which as of March 2019 does not appear to

contain the data Matteson and Williams reference. Thus, the series is attributed to them. The data are

presented tabularly for every year from 1993 through 2005 in units of GWh. The cumulative production

data were converted to an annual production series for 1994 through 2005 by subtracting the previous year’s

cumulative production value from a given year’s value. The values were also converted to MWh.

METI 2019 Production and Shipment, in Cells, Wh, and Value. Data on the production of lithium-

ion cells in Japan were obtained from the Japanese Ministry of Economy, Trade and Industry (METI) annual

Yearbooks of Machinery Statistics.29–52 As of May 2019, METI’s annual reports contained tables of monthly

and yearly statistics on Japanese lithium-ion battery production for “small sized sealed lithium ion recharge-

able batteries”, from January 1995 through December 2018. From January 2012 on, these reports also

collected analogous statistics for “small sized sealed lithium ion rechargeable batteries for automobiles” and

“other small sized sealed lithium ion rechargeable batteries.” The statistics included production quantities,

measured in: 1) number of batteries, units of thousands; 2) battery capacity, in units of thousands of ampere-

hours; and 3) amount of money, in units of millions of Yen. Shipment quantities were also available in the

same three measures. The “number of batteries” values were assumed to refer to the number of cells while

the “amount of money” values were assumed to represent sales value.

The capacity values were converted from Ah to Wh by multiplying by the nominal operating voltage

for lithium-ion cells. The voltage values employed were time-dependent as improvement in lithium-ion

technology has led to higher voltages (Figure S33). Using our aforementioned database of lithium-ion battery

technologies as a guide, capacity values through December 1998 were multiplied by 3.6 V to convert from

Ah to Wh. Values afterward were multiplied by 3.67 V (the average for all cells in the database for the

years between 1999 and 2018). The timing of this transition to a higher voltage is consistent with industry

reports.25

Comparison of reports from different years strongly suggested that the values measured in Yen were

nominal. These values were converted to USD and then inflation adjusted as described in the general

methods section.

METI 2019 (No Auto) Production and Shipment, in Cells, Wh, and Value. These data series

are derived from the METI 2019 series. To remove the impact of including “small sized sealed lithium ion

rechargeable batteries for automobiles” in later data, the values between January 1995 and December 2011
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were taken from the series for “small sized sealed lithium ion rechargeable batteries” and values from January

2012 through December 2018 were taken from the series for “other small sized sealed lithium ion rechargeable

batteries”.

METI 2019 (Auto Only) Production and Shipment, in Cells, Wh, and Value. These data series

are obtained from the METI 2019 series using only the data in the “small sized sealed lithium ion rechargeable

batteries for automobiles” category.

METI 2019 Price per Energy Capacity. To develop a price per energy capacity series, the nominal,

unadjusted METI 2019 production value series was divided by the METI 2019 production capacity series in

Wh and converted from Wh to kWh. The resulting price per energy series, in units of nominal Yen per kWh

was converted to nominal USD and inflation adjusted as described in the general methods section. This was

performed for both the monthly and annual data.

METI 2019 (No Auto) Price per Energy Capacity. This series was developed in the same manner as

the METI 2019 price per energy capacity series, except that it was derived from analogous METI 2019 (No

Auto) production value and energy capacity series.

METI 2019 (Auto Only) Price per Energy Capacity. This series was developed in the same manner

as the METI 2019 price per energy capacity series, except that it was derived from analogous METI 2019

(Auto Only) production value and energy capacity series.

Morrison 2002 Energy Density: Cylindrical, Prismatic, and Pouch. In an article published in

2002,53 Morrison included a figure containing energy density series for cylindrical, prismatic, and “polymer-

style” batteries. Based on the article’s text, the “polymer-style” series very likely describes pouch cells. The

plot contains a mix of historical, present, and projected energy density estimates for the years between 1991

and 2003 and with units of Wh per liter. The historical and current values are included in this analysis while

the projections are excluded.

NBSC 2018 Production. Data on Chinese output of lithium-ion batteries were obtained from the National

Bureau of Statistics of China in August 2018 and updated with additional data acquired in December 2018.54

Output per month and accumulated annual output through a given month were available for most months

from February 2015 through October 2018. The units given for the data were “10000 units.” No year

examined had data for all twelve months. Thus the production series used in this work comprises the yearly

accumulated (i.e. December) values for the years 2015 through 2017.

Osaka 1997 Production Value. In published notes from a panel discussion,55 Osaka included revenues

from the sale of secondary lithium-ion batteries in Japan for the years from 1992 through 1995 with annual

resolution. The data were presented graphically and in units of hundreds of millions of Yen. Due to low
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vertical resolution, the value for 1992 could not be easily distinguished from zero and was excluded. The

values were assumed to be nominal and were converted to USD and inflation adjusted to 2018 USD as

described in the general methods section.

PatSnap Patents (all). PatSnap’s database56 (updated as of April 24, 2019) was parsed to extract all

records labeled with the IPC symbol “H01M 10/0525”,17 and the results (84,269 total) were limited to one

representative per simple family (44,904 families). For each year, based on the entries’ application dates, the

numbers of applications (26,656), patents (14,242), and utilities (4006) were summed.

PatSnap Patents (granted). The parsing and analysis used to obtain the PatSnap Patents (all) series

was employed, but the data were limited to the “patents” and “utilities” types, excluding “applications.”

Pillot 2015 Sales: Cells, Energy, Value. Annual series of “worldwide” lithium-ion battery sales were

obtained from a presentation given by Pillot in March 2015, also available as a PDF.57 Data were presented

graphically for number of cells (units: millions of cells per year), energy (units: MWh per year), and cell-level

value (units: millions of dollars per year), all for the years 1995–2015. The data for 2015 were excluded

from this analysis as they incorporate a projection. In addition, low vertical resolution led to considerable

uncertainty in the first three years of energy capacity values. The data for lithium-ion batteries were extracted

and separated from data for nickel cadmium and nickel metal hydride varieties. The sales value data were

assumed to reflect nominal prices and were adjusted to 2018 USD.

Pillot 2017 Market Size: Cylindrical, Prismatic, Pouch. Annual series of market size (units: millions

of cells per year) were obtained from a presentation given by Pillot in March 2017, also available as a PDF.58

Separate series were presented for cylindrical (years: 2003–2016), prismatic (years: 2005–2016), and pouch

cells (years: 2005–2015). All series were presented graphically, and do not specifically mention whether

the data correspond to production, sales, or shipment volumes. Thus, the data are assumed to generally

represent the size of the market. Summing these three series gives values very similar (within 3%) to those in

the Pillot 2017 sales series (measured in cells). The cylindrical market size series employed here incorporates

data from Pillot’s “cylindrical cells” series for the years 2003 through 2006, inclusive, and the “18650 cells”

series, which had very similar but slightly higher values, for the years 2007 through 2016, inclusive.

Pillot 2017 Market Size: Cylindrical and Prismatic. An annual series of market size for cylindrical

and prismatic cells for the years 2005 through 2016 was obtained by summing the separate Pillot 2017 market

size series for cylindrical and prismatic cells. Its units are millions of cells per year.

Pillot 2017 Market Size: All. An annual series of market size for cylindrical, prismatic, and pouch cells

for the years 2005 through 2015 was obtained by summing the separate Pillot 2017 market size series for the

three cell types. Its units are millions of cells per year.
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Pillot 2017 Price per Energy Capacity: Cylindrical, Prismatic, Pouch. Annual price series for

“cylindrical,” “prismatic,” and “laminate” lithium-ion battery cells were also obtained from a presentation

given by Pillot in March 2017.58 Data were available for the time between 2005 and 2016, with yearly

resolution. The series of average cell prices were presented graphically and in units of dollars per Wh. The

prices were assumed to be nominal and were adjusted to 2018 USD.

Pillot 2017 Sales: Cells, Energy, Value. Annual series of “worldwide” lithium-ion battery sales were

also presented by Pillot in March 2017.58 Data were presented graphically for number of cells (units: millions

of cells per year), energy (units: MWh per year), and cell-level value (units: millions of dollars per year).

Data for number of cells and energy were available for the years 1995 through 2016. However, low vertical

resolution led to considerable uncertainty in the first three years of energy capacity values. Data for monetary

values were available for the years 2000 through 2016. The data for lithium-ion batteries were extracted and

separated from data for nickel cadmium and nickel metal hydride varieties. The monetary sales value data

were assumed to reflect nominal prices and were adjusted to 2018 USD.

Pillot 2015–17 Price per Energy Capacity. The Pillot 2015 and 2017 cell-level sales values were assumed

to reflect a sum of cell prices. Non-inflation adjusted Pillot 2015 value data (in millions of dollars per year)

for the years 1995 through 2014 were divided by the corresponding energy values (in millions of Wh per

year) and multiplied by 1000 to give a price per energy capacity series (in nominal dollars per kWh). The

same process was applied to Pillot 2017 value and energy series. The two series were then combined, taking

the values for 1995 through 1999 from the 2015 data series and the values for 2000 through 2016 from the

2017 data series. Where the two series overlapped (the years 2000 through 2014), their percent difference

for each year was equal to or below 6%. The synthesized data series was then converted to 2018 USD. Note

that uncertainty in the first few values of this series results from the low vertical resolution encountered in

the presented plots of sales as measured in energy capacity over time.

Pillot 2015–17 Price per Cell. This series was synthesized in a manner analogous to that for the Pillot

2015–17 price per energy capacity series, except the sales values were divided by the contemporaneous sales

volumes (in millions of cells per year) and the multiplication by 1000 was omitted. The resulting series gave

price per cell (in nominal dollars per cell) annually for the years from 1995 through 2016.

Powers 2002 Sales: Cells, Value. In a book chapter published in 2003,59 MacArthur included data

extracted from Powers Reports. These data were presented tabularly and included series of worldwide

annual sales of lithium-ion batteries for every other year from 1994 through 2002 in units of millions of cells

per year and millions of dollars per year. Values for 2002 were likely projections and thus excluded from this

analysis. The currency-valued series was reported in 2000 USD and in this study was adjusted to 2018 USD.

Powers 2002 Specific Energy and Energy Density. In the aforementioned book chapter,59 MacArthur
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also published specific energy and energy density data extracted from Powers Reports. These data were

presented tabularly and included series of lithium-ion cells’ specific energy (units: Wh/kg) and energy

density (units: Wh/l) for every other year between 1992 and 2002.

Takeshita 1998 Production: Cells, Energy; and Sales Value. Annual series of worldwide lithium-ion,

nickel metal hydride, and nickel cadmium cell production, measured in number of cells (units: millions of

cells per year) and energy capacity (units: MWh per year), as well as the sales value of these portable cells

were reproduced in a 1999 article by Broussely, Biensan, and Simon.60 The authors cite a Nomura Research

Institute report, published by H. Takeshita in 1998, as their data source. All three data series cover 1993

to 1999 and are reported graphically with annual resolution. As the 1999 values are projections, they have

been excluded from this analysis. In addition, the lithium-ion cells and energy production values for 1993

and the cells production value for 1994 were too small to reliably extract from the plot. The value series,

reported in millions of dollars per year, is assumed to comprise nominal values and was adjusted to 2018

USD.

Takeshita 1998 Production: Cells: Cylindrical, Prismatic. In the same article,60 Broussely, Biensan,

and Simon also reproduced a figure summarizing the “evolution of Li ion cell type”, which graphically

displays the percentage of cells that are either cylindrical or prismatic. The annual data are presented for

1993 through 1997 in units of “Number of cells, %”. The percentage values were extracted, and for the years

1995–1997, were multiplied by the cell production values obtained from an earlier figure. (For the years 1993

and 1994, production values, as measured in number of cells, were too small to reliably extract from the

earlier plot.) The resulting series present the number of cylindrical and prismatic cells produced annually

from 1995 through 1997, in units of millions of cells.

Takeshita 1998 Price per Energy Capacity. This series was synthesized by dividing the non-inflation-

adjusted Takeshita 1998 sales value series (in millions of USD per year) by the Takeshita 1998 production

series (energy, measured in MWh per year) and multiplying by 1000 to obtain a series in units of USD/kWh.

This process assumes that sales and production series are similar for the years 1994 through 1998, which is

supported by the Japanese METI data. The resulting price per energy capacity series was then adjusted to

2018 USD.

Takeshita 1998 Price per Cell. This series was synthesized in the same manner as the Takeshita 1998

price per energy capacity series, except the divisor was the Takeshita 1998 production series (measured in

millions of cells) and no multiplication by 1000 was required.

Takeshita 2001 Shipment: Cells. In a presentation dated October 1, 2001, Takeshita, then the Vice

President of the Institute of Information Technology, presented a series of worldwide lithium-ion cell shipment

values from 1996 through 2001.61 A copy of the presentation was provided by David Morrison. The series is
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presented graphically, has quarterly resolution, and excludes “polymer” cells, which are displayed separately.

The values are presented in units of millions of cells per month. The quarterly values for a given year were

summed, and the sums multiplied by three to give an annual series of cell shipment numbers per year for

each year from 1996 through 2001.

Takeshita 2003 Price per Energy Capacity. In a 2005 book,62 Pistoia included a plot of various

battery price series obtained from a presentation by Takeshita at the 20th International Seminar on Pri-

mary/Secondary Batteries in Fort Lauderdale, Florida in March 2003. The plot contains an annual series

of the “average prices of Li-ion (including polymer-types)” extending from 1995 through 2002. This series

was assumed to refer to cell-level prices. The data were extracted from the plot and multiplied by 1000 to

convert them to USD per kWh. The prices were assumed to be nominal and were adjusted to 2018 USD.

Takeshita 2004 Price per Energy Capacity: 1.8 to 2.4 Ah. In the aforementioned book,62 Pistoia also

included a plot of bare-cell price series obtained from a presentation by Takeshita at the 21st International

Seminar on Primary/Secondary Batteries in Fort Lauderdale, Florida in March 2004. The plot contains

series of 18650 bare-cell prices, in units of USD per cell, for cells with capacities of 1.8, 2.0, 2.2, and 2.4

Ah. The series contained prices for every other quarter extending from the fourth quarter of 2000 through

the fourth quarter of 2004. The quarters were assumed to refer to calendar-year quarters. The data were

extracted from the plot, divided by the product of the cell charge capacity and 3.65 V to scale by energy

capacity in units of Wh, and then multiplied by 1000 to convert the values to USD per kWh. The prices

were assumed to be nominal and were adjusted to 2018 USD.

Takeshita 2006 Energy Density. An annual energy density series for 18650-sized cylindrical lithium-

ion cells was obtained from slides prepared by Takeshita (dated 2006-04) and published online by Japan’s

METI.63 Data were available for 1991 through 2006, with yearly resolution. The series was presented

tabularly and graphically, both in units of Wh per L.

Takeshita 2006 Price per Energy Capacity. An annual price series for 18650-sized cylindrical lithium-

ion cells was obtained from the aforementioned slides prepared by Takeshita.63 Data were available for 1991

through 2006, with yearly resolution. The series of prices, presented tabularly and graphically in units of

Yen per Wh, were assumed to be nominal values. They were extracted, converted from Yen to USD, and

adjusted to 2018 USD as described in the general methods section.

Takeshita 2006 Specific Energy. An annual specific energy series for 18650-sized cylindrical lithium-ion

cells was also obtained from the aforementioned slides prepared by Takeshita.63 Data were available for 1991

through 2006, with yearly resolution. The series was presented tabularly and graphically, both in units of

Wh per kg.

Takeshita 2007 Sales: Cylindrical and Prismatic, Pouch, All. In a presentation dated March 29,
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2007, Takeshita presented an annual series of the sales of portable secondary batteries by type.64 Cylindrical

and prismatic lithium-ion batteries were grouped together and separated from laminate lithium-ion batteries.

Sales values were presented numerically and graphically. Data for cylindrical and prismatic batteries were

presented for the years 1991 through 2007 while laminate batteries data were presented for 1998 through

2007. These series were summed to give an additional series for sales of all types of lithium-ion batteries. The

values for 2007 were assumed to be projections and excluded from this analysis. The values were presented

in units of millions of USD per year, and assumed to be nominal and thus were adjusted to 2018 USD.

Thackeray 2004 Production. In a 1999 article, Thackeray reported figures for the annual production of

lithium-ion cells for 1996 and 1997 (units: millions of cells per year).65

TIAX 2002 Cylindrical and Prismatic Specific Energy and Energy Density. In their 2003 report,

Srinivasan and Lipp reproduced plots of “gravimetric vs. volumetric energy density” for cylindrical (specifi-

cally 18650) and prismatic lithium-ion cells.66 Their source for these data series appears to be TIAX LLC.

The series are presented graphically and the corresponding year for each datapoint is provided in a label.

The data are annual and cover most years between 1995 and 2002.

TIAX 2005 Production. In a 2005 report, Brodd included a chart of worldwide lithium-ion cell production

for the years from 1995 through 2002.67 The annual data were presented graphically and numerically with

units of millions of cells per year.

Yoshino 2014 Energy Density. An annual energy density series for lithium-ion batteries was obtained

from a book chapter written by Yoshino and published in 2014.68 Data were available for the time from

1992 through 2011, with yearly resolution. The series of prices was presented graphically. The data were

presented in units of Wh/L and assumed to reflect energy density at the cell-level.

Yoshino 2014 Price per Energy Capacity. An annual price series for “bare cylindrical” 18650-sized

lithium-ion cells was obtained from the aforementioned book chapter written by Yoshino.68 Data were avail-

able for the time from 1992 through 2011, with yearly resolution. The series of prices were presented

graphically and due to limited vertical resolution, data after the year 2007 were excluded from this analy-

sis. The data were presented in units of Yen per Wh and assumed to be nominal prices. The prices were

extracted, converted from Yen to USD, and adjusted to 2018 USD, as described in the general methods

section.

Yoshino 2014 Sales. An annual series for “worldwide” sales of lithium-ion batteries was obtained from the

same chapter written by Yoshino.68 Data were available for the time from 1992 through 2011, with yearly

resolution. The series of sales amounts was presented graphically. The data were presented in units of 103

million Japanese Yen per year and assumed to represent cell-level sales and be nominal values. The data

were converted from Yen to USD and adjusted to 2018 USD, as described in the general methods section.
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2.3 Development of representative data series

Representative 2019 Price per Energy Capacity, Cylindrical Cells. This series is designed to rep-

resent the price of cylindrical lithium-ion cells for the years from 1991 through 2016, with annual resolution.

The series is developed from the collected price series and data points and primarily relies on three price

per energy capacity series: Takeshita 2006, Yoshino 2014, and Pillot 2017. The combination of these series

was validated by a few single-year price estimates collected in the database. Even though most cells man-

ufactured in the early-to-mid 1990s were cylindrical, METI data were not included in the development of

this series because by 1995, when the METI data series begins, approximately 25% of cells produced were

prismatic.60

The value for 1991 was derived in two steps. First, the Yoshino series was extrapolated backward by one

year. This was accomplished by calculating the annual ratios of the Yoshino to the Takeshita series for the

years 1992 through 1995, which were all between 1.75 and 1.91, and averaging the four ratios. This average

ratio was then multiplied by the Takeshita value for 1991 to estimate a Yoshino series value for 1991. Second,

this estimated value and the Takeshita value for 1991 were averaged to provide the representative value for

1991. For the years 1992 through 2004, this series comprises the averages of the annual values reported by

Takeshita and Yoshino. For 2005, the average value from all three aforementioned series is used. For 2006,

the average of the Takeshita and Pillot values is used. For 2007 through 2016, the Pillot series values are

employed.

Representative 2019 Price per Energy Capacity, All Cell Types. This series is designed to represent

the price of all types of lithium-ion cells for the years from 1991 through 2018, with annual resolution. The

series is developed from the collected price series and data points and primarily relies on six price per energy

capacity series: the representative series for cylindrical cells, Takeshita 1998, Takeshita 2003, Pillot 2015–17,

BNEF 2019, and METI 2019 (all data, annual). The combination of these series was validated by a few

single-year price estimates collected in the database.

The first three data points in this series (1991 through 1993, inclusive) are obtained from the representa-

tive series for cylindrical cells because before 1994, nearly all commercially produced lithium-ion cells were

cylindrical.60 The price per energy capacity for 1994 is from the Takeshita 1998 series. For the years 1995

through 1998, the representative series is the average of the Takeshita 1998, Takeshita 2003, and METI 2019

annual series. In 1999, the average of the Takeshita 2003 and METI 2019 series is used. For 2000 through

2002, the Takeshita 2003, Pillot 2015–17, and METI 2019 series are averaged. For 2003 through 2012, the

Pillot 2015–17 and METI 2019 series are averaged. For 2013 through 2016, the Pillot 2015–17, BNEF 2019,

and METI 2019 series are averaged. Finally, for 2017 and 2018, the BNEF 2019 and METI 2019 series are

averaged.
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While the Pillot 2015–17 series contained data for the years 1995 through 1999, these data are considered

suspect. As described above, the Pillot 2015–17 price per energy capacity series was derived from market

value and market size series. The Pillot 2015 and 2017 market size estimates (in energy capacity, MWh)

are considerably lower than the values provided by all other sources, including those in METI 2019 (see

Figure 4), which results in very high values for price per energy capacity. Considering the reliability of the

METI data and the close agreement of the remaining series, the prices derived from the Pillot 2015 and 2017

market size series were excluded from the averages that compose this representative series for the years prior

to 2000.

Representative 2019 Market Size, Cylindrical Cells. This series is designed to represent the market

size for cylindrical lithium-ion cells for the years 1992 through 2016, with annual resolution. This series

primarily relies on four cylindrical cell–specific data series: Takeshita 1998 Production, IIT 2007 Demand,

IIT 2011 Shipment, and Pillot 2017 Market Size. This series also relies on a series of cylindrical and prismatic

market size values (IIT 2007 shipment) as well as a plot of the percentage of cells that are either cylindrical

or prismatic for the years from 1993 through 1997, as reproduced by Broussely, Biensan, and Simon.60 The

percentages plot indicates that 100% of the lithium-ion cells manufactured in 1993 were cylindrical. Thus, a

value of 100% was also employed for 1992. The resulting series of cylindrical cell percentages was multiplied

by the IIT 2007 shipment values for cylindrical and prismatic cells combined, for the years 1992 through

1997. The result is a series of shipment values for cylindrical cells, in units of millions of cells, hereafter

referred to as the “derived series”.

For the years 1992, 1993, and 1994, the derived series provides the only cylindrical-specific market size

estimates available, and these are used directly in the representative series. For 1995, the derived series value

is averaged with that obtained from the Takeshita 1998 Production series. For 1996 and 1997, the derived

series values are averaged with those from Takeshita 1998 Production and IIT 2007 Demand series. For 1998

through 2001, the only data available are from the IIT 2007 Demand series, and these are used directly in

the representative series. For 2002 through 2006, the IIT 2007 Demand and IIT 2011 Shipment series are

nearly identical (less than 1% difference for each year). For 2002, the average of these two values was used

in the representative series. To avoid overreliance on data from IIT, for the years 2003 through 2006, the

two IIT series are averaged and the resulting values are averaged with the Pillot 2017 Market Size series.

For the years 2007 through 2010, the representative series uses the average of the Pillot 2017 Market Size

and IIT 2011 Shipment series. Finally, for the years 2011 through 2016, the representative series uses the

values from the Pillot 2017 series.

Representative 2019 Market Size, Cylindrical and Prismatic cells. This series is designed to

represent the market size for cylindrical and prismatic lithium-ion cells for the years 1992 through 2016,

with annual resolution. This series primarily relies on three data series: IIT 2007 shipment, METI 2019 (no
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auto), and Pillot 2017 market size for cylindrical and prismatic cells. While data series from METI do not

distinguish between cell shapes, histories of lithium-ion technology as well as data presented by Takeshita64

and IIT19 strongly suggest that pouch cells did not significantly contribute to worldwide production before

1998. Thus, only the annual METI production values from 1995 through 1997 are employed in this data

series. For the years 1992 through 2016, when multiple estimates were available, the maximum “market size”

of the individual series is employed in the representative series. For 1992 through 1994, the only available

values are those from IIT 2007. For 1995 and 1996, the maximum values are found in the series from METI.

For 1997 through 2006, the maximum values are found in the IIT 2007 series. Finally, for 2007 through

2016, the values used are those from the Pillot 2017 series. For the first year switching between series, 1995,

the IIT and METI data are nearly identical (31 and 32 million cells, respectively). For the second switching

year, 1997, the METI and IIT data are still nearly identical (193 vs 195 million cells, respectively). For

2006, just before the third switch, the IIT and Pillot data are also very similar (1,970 vs 1,865 million cells,

respectively).

Representative 2019 Market Size, All Cells. This series is designed to represent the market size for all

lithium-ion cell types for the years 1992 through 2017 in units of millions of cells per year. This series relies

on seven series that represent market size for all cell types: TIAX 2005 Production, IIT 2007 Shipment (All),

IIT 2012 Production, Pillot 2017 Sales (Cells), Pillot 2017 Market Size (All), JPN-KOR-CHN Production

(Cells), and METI 2019 (Cells). Production, shipment, and sales values are all taken to approximate “market

size” and are combined in this series. METI data, while Japan-only, is used to improve data quality for the

1990s, when Japanese companies produced a vast majority of lithium-ion cells.19,61,62,69,70 As Japan’s METI

is considered reliable, series whose 1990s values deviated substantially from METI data are excluded from

the development of this representative series. The representative series comprises the maximum value of the

seven aforementioned series for each year. Toward the end of the series, the JPN-KOR-CHN series affords

the maximum values, consistent with estimates that the vast majority of cells were manufactured in Asia

during that period.21,71–76

Representative 2019 Market Size, Energy Capacity. This series is designed to represent the market

size for all types of lithium-ion cells for the years 1991 through 2016, with annual resolution. This series

primarily relies on four data series that measure production or sales in units of energy capacity: Kittner

2017, Takeshita 1998, Pillot 2017, and METI 2019. While METI data series are specific to Japan, before

the year 2000, Japan was by far the largest producer of lithium-ion cells19,61,62,69,70 so the METI data for

the years up to and including 1999 are employed in developing this representative series. As Japan’s METI

is considered reliable, series whose 1990s values deviated substantially from METI data are excluded from

the development of this representative series. For years 1991 through 1993, the representative series uses the

only reliable data obtained, those from the Kittner 2017 series. For 1994, an average of the Kittner 2017 and

Takeshita 1998 values are employed. For 1995 and 1996, the METI 2019 series has the largest production
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values, and thus these are employed directly in the representative series. For the years 1997 and 1998, the

representative series uses the average of the Kittner 2017, Takeshita 1998, and METI 2019 values. For 1999,

the representative series is the average of the Kittner 2017 and METI 2019 values. For 2000 through 2015,

the Kittner 2017 and Pillot 2017 series values are averaged. For 2016, the representative series draws from

only the Pillot 2017 series. The representative series, like the four from which it is derived, has units of

MWh.

Representative 2019 Market Value. This series is designed to represent the market value for all types

of lithium-ion cells for the years 1991 through 2016, with annual resolution. This series primarily relies on

eight data series that measure production, shipment, sales, or market value in currency units: Takeshita 1998

Sales, Powers 2002, Takeshita 2007 Sales, IIT 2007 Shipment, Yoshino 2014, Pillot 2015 Sales, Pillot 2017

Sales, and METI 2019 Production. While METI data series are specific to Japan, before the year 2000, Japan

was by far the largest producer of lithium-ion cells19,61,62,69,70 so the METI data for the years up to and

including 1999 are employed in developing this representative series. For each year, the representative series

is composed of the average of the aforementioned series’ data available for that year. The representative

series has units of real 2018 USD.

Representative 2018 Performance Metric Series, Cylindrical. A variety of methods were examined

to develop series that appropriately represent the improvement over time in energy density and specific

energy for commercially available cylindrical lithium-ion cells. Three approaches were explored to develop

yearly values: averages, percentiles, and maxima. In addition, the application of a rule that prevented the

value from descending was examined. Possible series are displayed in Figures S18–S19. The annual 98th

percentile was chosen to develop the representative series. For both, values employed from the lithium-ion

technology database were limited to those records classified as nameplate values for commercial cells. Energy

Density. This series contains the 98th percentile of energy density (units: Wh per L) of the nameplate data

collected for commercial cylindrical cells for each year from 1991 through 2018. The series draws from the

values in the Blomgren 2000, Morrison 2002, TIAX 2002 (cylindrical), Takeshita 2006, Kinoshita 2009, and

Kanamura 2017 series as well as the database described above. Inclusion of energy density values that rely

on volumes estimated from cell codes does not considerably change the resultant series (see Figure S34).

Specific Energy. This series contains the 98th percentile of specific energy (units: Wh per kg) of the

nameplate data collected for commercial cylindrical cells for each year from 1991 through 2018. The series

draws from the values in the Blomgren 2000, TIAX 2002 (cylindrical), Takeshita 2006, and Kinoshita 2009

series as well as the aforementioned database.

Representative 2018 Performance Metric Series, All Types. The same methods examined to develop

energy density and specific energy performance metric series for cylindrical lithium-ion cells were also applied

to data for all cell types. As with the cylindrical cells series, the annual 98th percentile was chosen to develop

23



the representative series. For both, values employed from the lithium-ion technology database were limited

to those records classified as nameplate values for commercial cells. Energy Density. This series contains

the 98th percentile of energy density (units: Wh per L) of the nameplate data collected for commercial

cylindrical, prismatic, and pouch cells for each year from 1991 through 2018. The series draws from the

values in the Blomgren 2000, Morrison 2002 (cylindrical, prismatic, and pouch), TIAX 2002 (cylindrical

and prismatic), Powers 2002, Broussely 2003, Takeshita 2006, Ikoma 2006, Kinoshita 2009, Yoshino 2014,

and Kanamura 2017 series as well as the database described above. Specific Energy. This series contains

the 98th percentile of specific energy (units: Wh per kg) of the nameplate data collected for commercial

cylindrical, prismatic, and pouch cells for each year from 1991 through 2018. The series draws from the

values in the Blomgren 2000, TIAX 2002 (cylindrical and prismatic), Powers 2002, Broussely 2003, Takeshita

2006, and Kinoshita 2009 series as well as the aforementioned database.
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4 Supplementary figures
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Figure S2: Lithium-ion cell price data series on a non-logarithmic dependent axis. Time series and single-

year records of lithium-ion cell prices for cylindrical (blue), prismatic (green), pouch (purple), and all types

(orange) of cells, as well as representative price series for cylindrical (blue, bold, dashed) and all types

(orange, bold, dashed) of cells. Records that did not specify cell type are included with series representing

all types of cells.
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Figure S3: Previous analyses of lithium-ion cell price versus cumulative market size and projections as-

suming exponential growth in annual market size. Previously reported single-factor analyses of lithium-ion

cells’ price per energy capacity vs. cumulative market size (e.g. production, installation, sales, etc.) as

measured in energy capacity. Trend lines plotted were extracted from previous analyses’ plots. The requisite

cumulative market size projections assume exponential growth in annual market size, as extrapolated from

the market size data used in each analysis.
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Figure S4: Previous analyses of lithium-ion cell price versus time and projections assuming exponential

growth in annual market size. Previously reported single-factor analyses of lithium-ion cells’ price per

energy capacity vs. cumulative market size (e.g. production, installation, sales, etc.) as measured in energy

capacity. The requisite cumulative market size projections assume exponential growth in annual market size,

as extrapolated from the market size data used in each analysis.
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Figure S5: Previous analyses of lithium-ion cell price versus cumulative market size and projections assum-

ing exponential growth in cumulative market size. Previously reported single-factor analyses of lithium-ion

cells’ price per energy capacity vs. cumulative market size (e.g. production, installation, sales, etc.) as

measured in energy capacity. Trend lines plotted were extracted from previous analyses’ plots. The requisite

cumulative market size projections assume exponential growth in cumulative market size, as extrapolated

from the market size data used in each analysis
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Figure S6: Previous analyses of lithium-ion cell price versus time and projections assuming exponential

growth in cumulative market size. Previously reported single-factor analyses of lithium-ion cells’ price per

energy capacity vs. cumulative market size (e.g. production, installation, sales, etc.) as measured in energy

capacity. The requisite cumulative market size projections assume exponential growth in cumulative market

size, as extrapolated from the market size data used in each analysis.
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Figure S7: Lithium-ion cell market size series for Japan, Korea, and China, their sum, and the representative

series for the market size of all types of cells.
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Figure S8: Lithium-ion cell price regressed against annual market size (equation 3) as measured in number

of cells, for the years 1992 through 2016, for all shapes of cells (orange asterisk marks) and cylindrical cells

(blue circles).
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Figure S9: Lithium-ion cell price regressed against annual patent filings (equation 5), for the years 1992

through 2016.
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Figure S10: Learning rates calculated for every interval of seven or more years between 1991 and 2016

using representative cylindrical cell price per energy capacity and cumulative energy capacity market size

series for all types of cells, plotted by interval length (a) or interval end year (b), along with a histogram of

all learning rates calculated (c).
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Figure S11: Previously reported learning rates (orange circles) along with the minimum and maximum

values obtained when fitting equation 2 to price series for either all types of cells (orange) or cylindrical

cells (blue) and the cumulative energy capacity market size series for the years 1991–2016. These results

are plotted by interval length (a) or interval end year (b), along with a histogram of all previously reported

learning rate estimates (c).
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Figure S12: Slopes of the linear model fit to logarithmized price per energy capacity for all types of cells

and logarithmized cumulative energy capacity market size for all types of cells, calculated for every interval

of seven or more years between 1991 and 2016, plotted by interval length (a) or interval end year (b), along

with a histogram of all slopes calculated (c).
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Figure S13: Learning rates calculated for every interval of seven or more years between 1992 and 2016

using representative price per energy capacity for all types of cells and cumulative market size for all types

of cells as measured in number of cells, plotted by interval length (a) or interval end year (b), along with a

histogram of all learning rates calculated (c).
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Figure S14: Learning rates calculated for every interval of seven or more years between 1992 and 2016

using representative price per energy capacity for all types of cells and cumulative market size for all types

of cells as measured in energy capacity, plotted by interval length (a) or interval end year (b), along with a

histogram of all learning rates calculated (c).
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Figure S15: Nameplate specific energy and energy density values for cylindrical (blue circles), prismatic

(green squares), and pouch cells (purple diamonds) for commercial cells between 1991 and 2018, as recorded

in the database, as well as previously reported trends relating specific energy and energy density.
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Figure S16: Nameplate specific energy and energy density values for cylindrical (circles), prismatic

(squares), and pouch cells (diamonds) for commercial cells between 1991 and 2018 with year represented by

color, as well as previously reported time-resolved series relating specific energy and energy density.
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Figure S17: Lithium-ion cell specific energy over time. Time series and single-year records of nameplate

specific energy values for lithium-ion cells for cylindrical (blue circles), prismatic (green squares), pouch

(purple diamonds), and all types (orange) of cells, as well as representative specific energy series for cylindrical

(blue, bold, dashed) and all types (orange, bold, dashed) of cells. Series that did not specify cell type are

included with series representing all types of cells.
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Figure S18: Approaches considered for developing representative series for energy density for cylindrical

cells. Time series (various shapes, blue) and single-year records (blue circles) of nameplate energy density

values for cylindrical lithium-ion cells, as well as representative series developed using a variety of approaches

(various colors, line types).
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Figure S19: Approaches considered for developing representative series for specific energy for cylindrical

cells. Time series (various shapes, blue) and single-year records (blue circles) of nameplate specific energy

values for cylindrical lithium-ion cells, as well as representative series developed using a variety of approaches

(various colors, line types).
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Figure S20: Lithium-ion cell price per energy capacity (orange asterisk marks) and price per service (purple

x marks) regressed against annual market size (equation 3) as measured in number of cells, for the years

1992 through 2016. Service includes both energy capacity and energy denisty.
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Figure S21: Lithium-ion cell price per energy capacity (orange asterisk marks) and price per service

(purple x marks) regressed against annual patent filings (equation 5), for the years 1992 through 2016.

Service includes both energy capacity and energy denisty.
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Figure S22: Lithium-ion cell price per energy capacity (blue circles) and price per service (purple x marks)

regressed against year (a), cumulative market size (b), and annual market size (c) for cylindrical cells. Service

includes both energy capacity and energy density. Prediction intervals (95% level) are plotted as similarly

colored shaded regions. Analyses are restricted to the years 1992 through 2016, and market size is measured

in number of cells.
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Figure S23: Lithium-ion cell price per energy capacity (orange asterisk marks) and price per service (green

triangles) regressed against year (a), cumulative market size (b), and cumulative patent filings (c) for all

cell shapes. Service includes both energy capacity and specific energy. Prediction intervals (95% level) are

plotted as similarly colored shaded regions. Analyses are restricted to the years 1992 through 2016, and

market size is measured in number of cells.

55



1 10 102 103 104
10–3

10–2

10–1

1

Annual market size
(millions of cells)
log(yt) = alog(qt) +b

N
o

rm
a

li
ze

d
 p

ri
c

e
 p

e
r 

s
e

rv
ic

e
(2

0
1

8
U

S
D

 p
e

r 
s

e
rv

ic
e

)

Goddard's Law

Service is:

kWh  LRannual: 0.243, R2: 0.84
kWh2/kg   LRannual: 0.304, R2: 0.87

Figure S24: Lithium-ion cell price per energy capacity (orange asterisk marks) and price per service (green

triangles) regressed against annual market size (equation 3) as measured in number of cells, for the years

1992 through 2016. Service includes both energy capacity and specific energy.
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Figure S25: Lithium-ion cell price per energy capacity (orange asterisk marks) and price per service

(purple x marks) regressed against annual patent filings (equation 5), for the years 1992 through 2016.

Service includes both energy capacity and specific energy.
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Figure S26: Lithium-ion cell price per energy capacity (blue circles) and price per service (purple x marks)

regressed against year (a), cumulative market size (b), and annual market size (c) for cylindrical cells. Service

includes both energy capacity and specific energy. Prediction intervals (95% level) are plotted as similarly

colored shaded regions. Analyses are restricted to the years 1992 through 2016, and market size is measured

in number of cells.
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Figure S27: Lithium-ion cell price per service (in kWh2/kg) regressed against year (a), cumulative market

size (b), and cumulative patent filings (c) for all (orange asterisk marks) and cylindrical (blue circles) cells.

Prediction intervals (95% level) are plotted as similarly colored shaded regions. Analyses are restricted to

the years 1992 through 2016, and market size is measured in number of cells.
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Figure S28: Difference between calculated and directly reported nameplate energy density values for

commercial lithium-ion cells, between 1991 and 2018.
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Figure S29: Difference between calculated and directly reported nameplate specific energy values for

commercial lithium-ion cells, between 1994 and 2018.
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Figure S30: Difference between typical/standard and rated/minimum nameplate capacity values for com-

mercial lithium-ion cells, between 1997 and 2018.
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Figure S31: Nameplate volumes of commercial “18650” lithium-ion cells between 1992 and 2018. The

dashed line represents the volume of a cell with a diameter of 18.00 and height of 65.00 mm.
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Figure S32: Difference between nameplate volumes of commercial “18650” lithium-ion cells and the volume

defined by the cell code, between 1992 and 2018
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Figure S33: Nominal cell operating voltages of commercial lithium-ion cells between 1991 and 2019.
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Figure S34: 98th Percentile energy density performance curves, developed with and without values calcu-

lated using cell-code-derived volumes.
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