Supplementary Information

The future cost of electrical energy storage
based on experience rates

0. Schmidt>%*, A. Hawkes?, A. Gambhir! and I. Staffell?

1Imperial College London, Grantham Institute - Climate Change and the Environment, Exhibition Road, London SW7 2AZ, UK.
2Imperial College London, Centre for Environmental Policy, 14 Princes Gardens, London SW7 1NA, UK.
3Imperial College London, Department of Chemical Engineering, Prince Consort Road, London SW7 2AZ, UK.

*Corresponding Author: o.schmidt15@imperial.ac.uk



Supplementary Note 1. Additional information on experience rate uncertainty.

Uncertainty affecting all data stems from the use of product prices as proxy for production costs.
Based on the theory of learning?, experience curves can only be used as proxy to project future
production costs. Any cost projections considering additional cost factors reflected in the product
price (e.g. raw material costs, cost of sales) are subject to these additional cost factors remaining
unchanged?. In practice, however, experience curves are widely used to project future product
prices and have proven useful for multiple technologies**. An additional uncertainty regarding the
use of product prices as proxy for production costs relates to early stage markets, in which these
quantities might deviate in particular>®. Only four out of the eleven datasets cover the
recommended two orders of magnitude in data length, i.e. cumulative installed capacity, to avoid
this shortcoming®.

Experience or learning rates are ideally derived for specific components of industry goods?’. By
reporting prices on pack- or system-level, there is uncertainty due to aggregation of potentially
different experience rates of individual components (e.g. cells, housing, power electronics, inverters)
and due to inclusion of non-manufacturing related costs (e.g. installation, commissioning), which
might follow cost dynamics not captured with experience rates.



Supplementary Note 2. Comment on commodity price uncertainty.

It should be acknowledged that despite using price ranges of the past ten years, there is still high
uncertainty on the development of commodity prices. On the one hand, there could be raw material
and other input bottlenecks as storage takes off, increasing commaodity prices, whilst on the other,
the take-off will potentially attract new producers of raw materials and other inputs, depressing
commodity prices.



Supplementary Table 1. Overview of product price and cumulative installed capacity data sources,
linear regression parameters, indicative C-rates and comments on individual EES dataset.

Pumped hydro - Utility, System

Price data 2000 — 2015: Average price data for run-of-the-river and pumped hydro plants
reported to IEA by OECD member states, South Africa, Brazil and China®*°. Maximum
and minimum values of 2005 — 2010 data excluded®.

1980 — 2000: Based on mean price and experience rate for large and small hydro*®.
Scaling factor of 0.64 applied to all data points to account for pumped hydro
installations only. Factor is based on comparing full 2010 — 2015 dataset with 2010 —
2015 pumped hydro data®®. Resulting price range of 270-300 USS/kWh in line with
other findings on pumped hydro costs!*13,

Capacity data | Capacities and commissioning dates of plants listed in DoE database'®.

Model fit Nfinal = 7; R?2 = 0.026; p = 0.730; 6 = 0.059
(N2000-2005 = 8, N200s-2010 = 12, N2010-2015 = 28)

C-rate C = 1/9.7h; Weighted average discharge duration of plants listed in DoE database?,
excluding values >100 hours.

Comment The data is biased towards OECD countries, because majority of data points come
from OECD member states. This could be significant since construction of pumped
hydro plants is labour-intense.

Lead-acid — Multiple, Module

Price data US producer price index for lead-acid batteries larger than BCl dimensional group 8D
(Applications: uninterruptable power supply, heavy duty vehicles, etc.)®.

Capacity data | Lead end-use statistics in US, assuming 80% of consumption for battery production®.
US data scaled-up to global data based on US share of 30% in global lead end-use?.

Model fit n=21;R?=0.105; p = 0.153; 0 = 0.042

C-rate C =1/4.8h; Average of 1/3.3h (heavy-duty)'’ and 1/8h(UPS)*®

Comment Data taken from peer-reviewed study’>. No economy-wide data on lead-acid battery
production or sales available, so US lead consumption is used as proxy®.

Lead-acid — Residential, System

Price data Observed prices for systems <30 kWh in German residential market for 2013 - 2016%.

Capacity data | Based on information from German KfW incentive program?®?!, Scaled to global
market assuming German residential storage market is ~1/3 of global?*%.

Model fit n=4;R2=0.917; p = 0.042; 0 = 0.041

C-rate C = 1/3h; Average value for residential lead-acid batteries sold in Germany?*2>,

Comment 2016 data represent first half of the year. No data for second half of year recorded,
because only 4% of new installations were lead-acid (96% lithium-ion). This is down
from ~50% in 2013.

Lithium-ion — Electronics, Battery

Price data Japanese Ministry for Economy, Trade and Industry (METI) statistics on Li-ion
consumer batteries 1995-2011%,

Capacity data | Annual production data for consumer electronics lithium-ion batteries?”%,

Model fit n=17;R?=0.947; p=6x10"%;, 6 =0.031

C-rate C=1/2h

Comment



Lithium-ion — Electric Vehicles, Pack

Price data Annual battery pack price index for 2010 - 20152, 2016°°.

Capacity data | Annual figures for EVs sold and respective battery pack size?.

Model fit n=7;R*=0.903; p =0.001; o = 0.037

C-rate C = 4/h; Average between Tesla S P85D and Nissan Leaf MY 2011/2015

Comment Experience rate of 16% higher than recently modelled experience rate of 6-9%3%. But,
respective study claims that accounting for chemistry advances and economies of
scale makes rate of 12-14% conceivable3!.

Lithium-ion — Residential, System

Price data Observed prices for systems <30 kWh in German residential market for 2013 - 2016%.

Capacity data | Based on information from German KfW incentive program?®2!, Scaled to global
market assuming that German residential storage market is ~1/3 of global?>%.

Model fit n=5;R?=0.954; p=0.023; 0 =0.030

C-rate C = 1/3h; Average value for residential lithium-ion batteries sold in Germany?*%°,

Comment Becoming dominant technology in German market with market share of 96%, up from
~50% in 2013,

Lithium-ion — Utility, System

Price data Observed prices for stationary systems for 2010 - 201532,

Capacity data | Systems listed in the DoE database larger than 100kWh and operational by 2015,

Model fit n=6;R?=0.924; p =0.002; 0 =0.026

C-rate C =1/1.2h; Weighted average discharge duration of Lithium-ion systems listed in DoE
database®.

Comment -

Nickel-metal hydride — Hybrid Electric Vehicles, Pack

Price data Modelled for 1997-2014 with annual car sales data and price projections for annual
production levels33. Checked against official company statements on price reductions.

Capacity data | Toyota Prius sales figures3* and battery specifications®®. Toyota Prius sales make up
~50% of total global HEV sales®.

Model fit n=18;R*=0.979; p=7.78 x 10", 6 = 0.006

C-rate C = 15.6/h; Toyota Prius Generation lll battery specification®.

Comment Approach taken from peer-reviewed study®’. Price data deflated in Japanese Yen and
then converted to USSo1s. Price reduction of 75% from 1997 — 2010 in line with
official Toyota statement from 2010%,

Sodium-sulphur — Utility, System

Price data Industry reports!?3°, news items®%*! and manufacturer interviews*>* for 2007-2015.

Capacity data | Systems deployed by NGK*+4>,

Model fit -

C-rate C = 1/6h; System specification by NGK!%%3,

Comment NGK dominates market for Sodium-sulphur systems!. No experience rate modelled

due to very high standard error of underlying data (o = 0.299).



Redox-flow — Utility, System

Price data Vanadium redox-flow system prices for 2008 - 2015 by two leading manufacturers and
an independent demonstration project®.

Capacity data | Vanadium redox-flow systems listed in DoE database®®.

Model fit n=4;R*=0.701; p=0.163; 0 = 0.078

C-rate C = 1/3.6h; Weighted average discharge duration of systems listed in DoE database®*.

Comment -
Electrolysis — Utility, Pack Fuel cells — Residential, Pack

Price data 1956-2002: Industry reports and academic | Japanese Enefarm-type systems®’,

Capacity data

publications®’. updated with 2013-2015 figures.
2002-2009, 2014: Manufacturer quotes*®4°,
1956-2002: Industry reports and academic
publications®’.

2002-2014: Based on US$100mn market

size®!, average system price for 2002-2014.

Sales numbers for Japanese Enefarm-
type systems®’, updated with figures for
2013 -2015.

Model fit Nfinal = 6; R? = 0.879; p = 0.006; o = 0.052 n=12;R*=0.965;p=1.4x10% 0=
(N19s6-2002 = 11, N2002-2009 = 9, N2o14 = 8) 0.017

C-rate C = 1/10h assumed; appears feasible on the basis of average residential electricity
consumption of 2900 - 3500 kWh/year and residential fuel cell system size of 1kW>2,

Comment Alkaline systems PEM systems; >95% sold in Japan®3>*,

Solar PV Modules

Price data Solar PV module price data®.

Capacity data | Global cumulative capacity®.

Model fit n=40; R?=0.942; p=4.74 x 10%; 6 = 0.015

Comment -

PV Inverters

Price data Inverter price data’.

Capacity data | Global cumulative PV shipments?.

Model fit n=24; R*=0.966; p=1.33x10"; 6 =0.012

Comment PV inverters < 20kW,



Supplementary Table 2. Components of electrical energy storage technologies and indicative cost
contributions>™’.

Technology Scope Indicative contribution Reported technologies
Cell 19%°6
Electrodes 46%5> -
Electrolyte 14%55 (18650 cell costs for EV packs
Separators 15955 reported at 145 USS/kWh>38)
Current Collectors 19%>
Terminals 4%5>
Cell container 2%55
Battery (consumer electronics) no data
Power electronics no data Lithium-ion (Electronics)
Housing no data
Module Included in pack
Thermal conductors 9%>> Lead-acid (Multiple)
Cell group interconnectors 0%5>
State-of-charge regulator 85%5>
Terminals 1%
Provision for gas release 2%55
Module enclosure 3%
Pack 11%°°
Wiring harnesses, interconnections and connectors 21%°¢ Lithium-ion (EV)
Housing 159%56 Nickel-metal hydride (HEV)
Temperature control 7%56 Electrolysis (U.tility).
Fuel cells (Residential)
Power electronics 24%56
Battery Management System 33%°°
Ex-works System 35%>°
Inverter 45%%3 -
Container 45%3
SCADA/controller 10%°3
System 35%>°
Transport - Lithium-ion (Residential)
Installation R Lithium-ion (Utility)

Lead-acid (Residential)
Redox-flow (Utility)
Sodium-sulphur (Utility)
Pumped hydro (Utility)

Commissioning -

100%

Reported price data in this analysis is given for different technology scopes, i.e. cell, battery, module,
pack, ex-works system, system. The table above lists the components included within each scope
alongside indicative cost contribution for a stationary lithium-ion system. Bold shaded rows give the
contribution of each scope to the overall system, and unshaded rows within each block give the
contribution of individual components to that scope.



Supplementary Table 3. Commodity price ranges and sources.

Commodity Price

Database Uss$/kg USS$/kg USS/kg
Commodity Average Max Min Comment Source
ABS (Acrylnitiril-
btadienestyrene) 2.00 2.00 2.00 www.roymech.co.uk/Useful_Tables/Matter/Costs_Plastics.html
Mercury Study Report to Progress. United States Environment Protection
Activated Carbon 1.65 1.65 1.65 1997 Agency. December 1997
Alpha-alumina 15.60 15.60 15.60 www.inframat.com/products/26R-0806UPA.htm
Aluminium 2.04 2.80 1.51 Bloomberg®®
Ammonium Salts
in Acetonitrile 1.00 1.00 1.00 assumption
Antimony 8.04 12.79 4.10 Bloomberg®®
Aramid fibres 25.00 25.00 25.00 www.netcomposites.com/guide-tools/guide/reinforcements/aramid-fibrefiber/
Barium 8.33 8.33 8.33 www.ebiochem.com/product/barium-chromate-ar-9980
Beta-alumina www.gunnarmusan.de/Material/ZEBRA%20Battery%20-
(boehmite) 3.07 3.07 3.07 2003 %20Material%20Cost,%20Availability%20and%20Recycling. pdf
Binder PVDF 10.00 10.00 10.00 BatPac (Cost Input)>®
Brass 8.67 9.16 8.43 Bloomberg®®
Cadmium 2.72 7.50 0.94 Bloomberg
Carbon 6.80 6.80 6.80 BatPac (Cost Input)>®
Carbon Black 6.80 6.80 6.80 BatPac (Cost Input)>®
Carbon Steel 0.72 0.83 0.49 Bloomberg®®
Mix Carbon,
Carbon, graphite 10.90 10.90 10.90 Graphite
Cement 0.10 0.11 0.09 Bloomberg®®
Cerium Metal 11.80 34.13 4.60 Bloomberg®®
Chromium 9.25 13.50 6.35 Bloomberg®
Cobalt 29.21 38.13 24.05 Bloomberg®®
ocw.mit.edu/courses/materials-science-and-engineering/3-11-mechanics-of-
Concrete 0.05 0.05 0.05 materials-fall-1999/modules/props.pdf
Copper 6.52 9.60 3.07 Bloomberg®
Ethylene www.ihs.com/products/chemical-technology-pep-reviews-ethylene-carbonate-
Carbonate 1.06 1.06 1.06 from-ethylene-2003.html
Ethylene Glycol
Dimethyl Ether 5.00 5.00 5.00 www.alibaba.com/showroom/dimethyl-ether-prices.html
Glass 0.19 0.21 0.17 Bloomberg®®
Glycol 1.16 1.65 0.87 Bloomberg®
Graphite 15.00 15.00 15.00 BatPac (Cost Input)>®
Gravel 0.01 0.01 0.01 Bloomberg®®
www.gunnarmusan.de/Material/ZEBRA%20Battery%20-
Halide salts 0.77 0.77 0.77 %20Material%20Cost,%20Availability%20and%20Recycling.pdf
High alloy steel 2.25 2.97 1.35 see stainless steel
Iron 0.72 0.83 0.49 see carbon steel
Lead 2.03 2.55 1.00 Bloomberg®®
Lead oxides 2.03 2.55 1.00 see lead
minerals.usgs.gov/minerals/pubs/commaodity/lithium/myb1-2013-lithi.pdf,
Lithium carbonate 5.48 7.00 3.97 Berenberg Bank Report
Lithium hexa-
fluorophosphate 13.49 13.49 13.49 BatPac (Cost Input)>®
Lithium hydroxide 6.70 6.70 6.70 minerals.usgs.gov/minerals/pubs/commodity/lithium/myb1-2013-lithi.pdf
Lithium
manganese oxide 10.00 10.00 10.00 BatPac (Cost Input)>®
M:Ni, Ti, V, Zr 13.29 22.72 6.58 Average Price
Magnesium 2.81 4.30 2.00 Bloomberg®®



http://minerals.usgs.gov/minerals/pubs/commodity/lithium/myb1-2013-lithi.pdf,%20Berenberg%20Bank%20Report
http://minerals.usgs.gov/minerals/pubs/commodity/lithium/myb1-2013-lithi.pdf,%20Berenberg%20Bank%20Report

Manganese 2.37 3.23 1.60 Bloomberg®®

Molybdenum 37.91 75.20 13.30 Bloomberg®®

Nafion 176.00 176.00 176.00 www.nrel.gov/docs/fy090sti/45457.pdf

Nickel 18.05 33.33 8.82 Bloomberg®®

Nickel

Compounds 14.44 26.66 7.06 80% Ni content

Nickel hydroxide 6.00 6.00 6.00 www.arb.ca.gov/msprog/zevprog/2003rule/03board/andermanreport.pdf

PEEK 68.33 68.33 68.33 www.roymech.co.uk/Useful_Tables/Matter/Costs_Plastics.html

PEEK, Aluminium,

Copper 25.63 26.91 24.30 Average Price

Plastics 1.33 1.64 1.00 Average Price

46,018. 62,434. 31,448.

Platinum 67 96 53 Bloomberg®®

Polybenzimidazol

(PBI) 195.00 195.00 195.00 cordis.europa.eu/result/rcn/56073_de.html

Polyester 1.50 1.50 1.50 Matteson'®

Polyethylene 1.60 1.96 1.22 Bloomberg®®

Polyethyleneterep

hthalate 1.35 1.75 1.00 Bloomberg®®

Polypropylene 1.40 1.65 1.04 Bloomberg®

Polytetrafluoroet USS 4bn market

hylene 13.56 13.56 13.56 for 295 kT https://globenewswire.com

Polyvinylchloride 0.99 1.19 0.75 Bloomberg®

Potassium

hydroxide 0.50 0.50 0.50 www.alibaba.com/showroom/potassium-hydroxide-price.html

Ruthenium 5,977 21,517 1,481 Bloomberg®®

Sand 0.01 0.01 0.01 Bloomberg®®

Sbh, Sn, As 10.00 10.00 10.00 Matteson®®

Silica 8.80 8.80 8.80 Lubin, G. Handbook of Composites. Van Nostrand Reinhold Company.

Silicon 1.94 2.29 1.22 Bloomberg®®
http://ocw.mit.edu/courses/materials-science-and-engineering/3-11-mechanics-

Silicon Carbonate 36.00 36.00 36.00 1999 of-materials-fall-1999/modules/props.pdf

Sodium 0.45 0.65 0.31 Bloomberg®

Stainless Steel 2.25 2.97 1.35 Bloomberg®®

Steel 0.72 1.06 0.52 Bloomberg®®

Steel and copper 3.62 5.33 1.80 Average Price

Sulphur 0.11 0.14 0.08 Bloomberg®®

Sulphuric Acid 0.11 0.31 0.05 Bloomberg®®

Thermal www.gunnarmusan.de/Material/ZEBRA%20Battery%20-

insulation 12.50 12.50 12.50 %20Material%20Cost,%20Availability%20and%20Recycling.pdf

Tin 18.16 26.90 10.70 Bloomberg®®

Titanium 6.54 15.05 3.20 Bloomberg®®

Vanadium 27.38 40.00 13.60 Bloomberg®

Vanadium

pentoxide 12.62 16.60 5.25 Bloomberg®®

Water - - -

Wood 0.24 0.25 0.24 Bloomberg®®
High Temperature Superconducters (HTS) for energy applications, Ziad Melhem,

YBCO 1,333 1,333 1,333 2011, Woodhead Publishing.

Yttrium 45.78 70.00 34.00 Bloomberg®®

Zinc 2.26 4.23 1.21 Bloomberg®®

Zirconium 1.18 2.50 0.70 Bloomberg®®




Supplementary Table 4. Breakdown of raw material cost contributions for each EES technology.

Supercapacitor®®
Material
Ammonium Salts
Aluminium
Activated Carbon
Plastics

Total

SMES®?
Material
Copper
Carbon Steel
Yttrium
Barium
Copper
Sulphuric Acid
Total

Nickel-metal hydride®?

Material

Nickel Compounds
Cerium Metal
Carbon Steel

Plastics

Potassium Hydroxide

Total

USS/kWh
mid

min
83
53
71
4
211

min
42
56

115

min
21

4

2

o

27

94
109
77
8
288

USS/kWh
mid

89
83
12

6

194

USS/kWh

mid

83
18

109

max
104
202

83

15
404

max

131
95
18

256

max
230

79

10

320

Nickel-Cadmium?®%62

Material

Nickel Compounds

Cobalt

Cadmium

Copper
Chromium

Lithium Hydroxide
Carbon Steel
Plastics

Potassium hydroxide

Nickel
Lithium
Total

Flywheels®*
Material
Carbon
Carbon Steel
Copper
Plastics
Yttrium
Barium
Copper
Total

PEM fuel cell®
Material
Platinum
Graphite
Nafion

Polytetrafluoroeth.

Carbon
Plastics
Copper
Iron
Steel
Plastics
Total

USS/kWh
mid

min
41

min
44
21
11

84

min

wv
O O O OO O O rFr Uu w

=)
o

164
13
21

B R N R O

216

USS/kWh
mid

44
31
23
14

2

1
113

USS/kWh

mid

~
O O O O O O O Fr O

00
~N

max
451
25
84
18
13

2
3
2
1

599

max
44
36
35
24

138

max
106

O O O O O O O +»r

116



Vanadium redox-flow®*

Material
Vanadium
Carbon Steel
Copper
Plastics
Graphite
Carbon Black
Sulphuric Acid
Total

Lead-acid®52
Material

Lead oxides
Lead

Plastics
Antimony
Sulphuric Acid
Copper

Glass

Total

Pumped Hydro®*

Material
Concrete
Iron

Wood
Chromium
Molybdenum
Plastics
Aluminium
Copper
Zinc

Lead
Manganese
Magnesium
Total

USS/kwh
min mid
22 61
1 3
1 2
1 2
1 2
1 1
0 1
28 72
USS/kwh
min mid
7 25
5 18
2 5
1 3
0 0
0 1
0 0
15 51
USS/kwh
min mid
11 16
1 2
0 1
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
21 28

max
112

AN W W NN

132

max
45
32

o B N O

95

max

N
O O O O OO O r O Rr NN

w
H

Lithium-ion (LMO)%*

Material

Lithium mang. ox.
Carbon, graphite
Copper
Aluminium
Binder PVDF

Lithium hexafluoroph.
Dimethyl carbonate
Ethylene carbonate

Copper
Thermal insulation
Stainless Steel

Polypropylene

Polyethyleneterepht.

Glycol
Polyethylene
Total

ZEBRA®
Material
Nickel
Thermal insulation
Beta-alumina
Stainless Steel
Halide salts
Copper

Iron

Steel

Total

Sodium-sulfur®®2
Material
Alpha-alumina
Aluminium
Beta-alumina
Stainless steel
Copper
Sodium

Sulfur

Glass

Sand

Total

min
25

[EEN
O O O O O O O O Fr P NN WN

H
~N

min

O Rr kP N LB B> B

27

min

O O O O P N W W Ww

=
N

USS/kWh
mid
25

[EEN
O O O O O O Fr O Fr NN WUBLN

(%]
N

USS/kWh
mid
27

O R, N NN BN D

43

USS/kWh
mid

O O O O N W W ~» w

[y
(Y}

max

= N
N

O O O OO0 O r O FRr NN B

(%4
(=]

max
50

O P W N W b b

67

max

O O O O W W w o Ww

[y
o



Alkaline electrolyzer®®

Material
Polybenzimidazol
(PBI)

Stainless Steel
Nickel

Copper

Graphite
Potassium hydroxide
Aramid fibres
Polytetrafluoroeth.
Aluminium

Iron

ABS

Total

H2 pressure tank®”:62

Material

Stainless Steel, Steel,
Concrete Vessel
Steel/Concrete
Composite Vessel

Stainless Steel

USS/kWh Compressed Air®!
min mid max Material
5 5 5 High Alloy Steel
3 4 6 Concrete
2 4 8 Carbon Steel
0 0 0 Iron
0 0 0 Manganese
0 0 0 Copper
0 0 0 Plastics
0 0 0 Vanadium
0 0 0 Silicon
0 0 0 Molybdenum
0 0 0 Chromium
10 14 19 Total
USs$/kwWh
min mid max
4
12

25

USS/kwh

min mid
0 3
0 1
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
1 4

max

O O O O O O O o oo N O



Supplementary Table 5. Impact of experience rate uncertainty, based on 95% standard error
confidence interval, on cost projections for 1 TWh cumulative installed capacity.

Central rate Low rate High rate
Technology ER Price ER Price ER Price
(central)  (US$/kWh) (low) (USS/kwWh) (high) (USS/kwh)
Pumped hydro 0 o 0
(Utlity, System) 1% 282 10% 272 6% 293
Lead-acid 4% 166 1% 136 10% 201
(Multiple, Module) ? ’ ?
Lead-acid 13% 294 8% 572 17% 154
(Residential, System) ° ° °
Lithium-ion o o o
T 30% 137 27% 154 33% 122
; (] (0] 0
L;tE':/'“:; C'E)" 16% 154 12% 191 20% 124
Lithium-ion 0 0 0
e S 12% 411 9% 643 16% 267
Lithium-ion o o o
(Utility, Systerm) 12% 357 9% 521 15% 244
3 0 0 0
N'Ck‘?:_'?\ft:'c’l‘(’)d”de 11% 198 10% 208 12% 189
Redox-flow 0 0 o
(Utility, Systen) 11% 288 1% 1,132 20% 73
(S't?ﬁ:fgg sc'i) 18% 102 12% 121 23% 87
Fuel cells 18% 223 16% 282 20% 177

(Residential, Pack)

Central rate numbers refer to the experience curve based price projections in Figure 2. Low rate and
High rate numbers are based on the lowest and highest experience rate of the 95% standard error
confidence intervals respectively.

Cumulative installed nominal energy capacity for pumped hydro (system) and lead-acid (module) is
already above 1 TWh. Therefore, projected prices at 1 TWh refer to historic capital costs (pumped
hydro: 2000, lead-acid: pre-1989). The price range is then a result of back-casting 2015 prices at
different experience rates.



Supplementary Table 6. Comparison of experience curve based cost projections to the literature.

Technology 2030 2040 Literature = Method/Comment
($/kwh) = ($/kwh) = ($/kwh)
Pumped Hydro 285 287 140 - 230 Long-term estimate for 90% renewables system®®

(Utility, System)

Lead-acid 143 142 194 - 245 Bottom-up engineering model for ‘Future State Price’”®
(Multiple, Module) 120-170 Long-term estimate for 90% renewables system®®
Lead-acid 376 284 194 - 245 Bottom-up engineering model for ‘Future State Price’”?

(Residential, System)

Lithium-lon 129 99 100 Experience curve analysis for 202071
(Electronics, Battery) 100 GM forecast for 2022 for pack-grade cells>®
Lithium-lon 117 72 160 - 300 Literature Review for 20303%;

(EV battery, Pack) 215" Bottom-up Engineering Model for 2030%¢;

200-300" Literature Review for 20303%7;
200-750  Expert Elicitation for 203072;

200 Forecast for 202073

73 Experience curve analysis for 203030
Lithium-lon 524 397 241-318 Bottom-up engineering model for ‘Future State Price’”?
(Residential, System) 250-620 | Analyst projections for 203074;

450 - 550 Experience Curve Analysis for 203074;
Lithium-lon 461 354 241 -318 Bottom-up engineering model for ‘Future State Price’”?
(Utility, System) 250-620  Analyst projections for 203074;

450 - 550 Experience Curve Analysis for 203074;
NiMH 254 211 -
(HEV, Pack)
Redox-flow 366 286 148 - 259 Bottom-up engineering model for ‘Future State Price’”?
(Utility, System) 180 - 250 Bottom-up engineering model for 2GWh demand p.a.”>
Electrolysis 130 97 49 - 105 Expert Elicitation for 203076

(Utility, Pack)

Fuel Cell 320 212 476 - 532 Consultancy report for mass-market production’”
(Residential, Pack) (> 10,000 units cum production per company)

*included in above figure

Projections from the experience curves are given in the 2030 and 2040 columns (central ER) and can
be compared to the findings from the literature given in the Literature and Method/ Comment
columns.



Supplementary Table 7. Parameters and references used for levelised cost analyses.

ICEV - Fuel tank EV - Li-ion battery pack

Capital cost US$ 18078 US$ 9,900 (2016)"
Capacity (distance) 17 gallons (510 mi)”® 30 kWh (107 mi)®
Experience rate 0%%! 16% + 4%

Growth Rate™ -

Residual Value 0% (of capital cost)??
Warranted lifetime 100,000 miles/ 8 years
Fuel Price 2.36 US$/gallon®

0.348 (0.306, 0.436)
30%% (of capital cost)
100,000 miles/ 8 years®°
0.12 USS/kWh8

Round-trip efficiency 100% 90%°%7
Depth-of-discharge 100% 80%°7

Fuel efficiency 30 miles/gallon’ 4.46 miles/kwWh***
Annual degradation 0% (of capacity) 5%%° (of capacity)
Discount rate 5% 5%

C-rate (1/h) - 3¢

O&M cost - -

Retail power price - =
“Capacity x Price = 30 kWh x 330 US$/kWh (reduces over time as function of ER)
"r parameter from equation 4 (see Supplementary Figure 8)
""*Distance per capacity / (Capacity * Depth of discharge) = 107 miles / (30kWh * 80%)
"***See Supplementary Figure 11

Installed residential Li-ion system
1,883 US$/kWh (2016)
12% £ 4%
0.500 (0.466, 0.656)
0% (of capital cost)?*
2,500 cycles/ 10 years®
LCOE of residential solar PV
92%5%
80%38
0.5% (of capacity)®
5%
0.33 2%
0% (of capital cost)?*
0.36 USS/kWhe*! (2016)
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Supplementary Figure 1. Technology scope of electrical energy storage technologies.
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Supplementary Figure 2. Experience curves for EES technologies per power capacity.
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e System = Pack ¢ Module a Battery

e Pumped hydro (Utility, -1+8%)
Lead-acid (Multiple, 4+6%)
Lead-acid (Residential, 13+5%)

A Lithium-ion (Electronics, 30+3%)
Lithium-ion (EV, 16+4%)
Lithium-ion (Residential, 12+4%)

e Lithium-ion (Utility, 12+3%)
Nickel-metal hydride (HEV, 11+1%)

e Sodium-sulfur (Utility, -)

e Vanadium redox-flow (Utility, 11+9%)

= Electrolysis (Utility, 18+6%)
Fuel Cells (Residential, 18+2%)
PV Modules (-, 23+2%)

PV Inverters (-, 19+1%)

Experience curves are shown for product prices per nominal power capacity. Top legend indicates
technology scope and bottom legend denotes technology (including application and experience rate
with uncertainty). Indicative C-rates (Supplementary Table 1) were used to convert prices and
capacity from energy to power terms and vice versa. Solar PV module* and PV inverter® experience
curves are shown for reference.



Supplementary Figure 3. Lithium-ion experience curves for varying technology scopes.
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Experience curves for cells, batteries, packs and systems indicate that cost reductions can mainly be
attributed to reductions in cell costs and to a lesser extent to additional components required in

packs and systems (see components in Supplementary Table 2), given that ERs are highest for cells
and batteries and lowest for packs and systems.

Stronger cost reduction for consumer electronics batteries compared to 18650 cells could reflect the
ongoing shift from cylindrical 18650 to more cost-competitive prismatic and laminate cells used for
consumer electronics batteries?.

Strong cost reduction for 18650 cells in 2013, 2014 and 2015 might be the result of increased
demand in EV packs, partly driven by Tesla?,

Data Sources: Lithium-ion (18650 cell, 19+3%)°?, Lithium-ion (Electronics, 21+3%)%, Lithium-ion

(Electronics, 30+3%)25728, Lithium-ion (EV, 1624%)%, Lithium-ion (EV, 9+1%)3., Lithium-ion
(Residential, 124+3%)'%%, Lithium-ion (Utility, 12+3%)*32,



Supplementary Figure 4. Experience curves for hydropower generation technology.
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Historic price®1%°* and cumulative deployment®®® data are analysed for hydropower generation
plants. This is done in light of the potential applicability of additional insights to pumped hydro
storage due to the similarity of both technologies.

Project price data of hydropower plants from 1956 to 2015 reveal an overall negative experience
rate of -11+8% (N=204, R?>=0.033, p=0.010, 0=0.056). Separating into small (<50 MW) and large
projects (>50 MW) shows that prices of small hydropower plants tend to increase less at a negative
ER of -1+12% (N=59, R?=0.001, p=0.839, 0=0.089) compared to large hydropower plants at -3+9%
(N=145, R?=0.003, p=0.509, 06=0.067). The increased construction of small hydropower plants
compared to large ones drives the overall, highly negative experience rate.

Potential reasons for the observed price increases have been named as**:

e Higher cost of more difficult and remote sites

e Increased development time required due to the necessity of public hearings and licensing
e Increased cost of environmental mitigation

e Increased cost escalation and interest during construction

Due to the similarity between hydropower generation and pumped hydro storage technology, it is
conceivable that these factors are also applicable to pumped hydro projects and equally drive the
project prices.



Supplementary Figure 5. Cost indices for hydropower cost components.
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These cost indices refer to hydropower plant prices in Norway®’. Project costs are disaggregated into
three categories: civil, mechanical and electro-technical works, and adjusted for inflation.

The analysis reveals that increasing prices are most likely driven by the costs of the civil works. This
confirms the reasons for the price increases outlined in Supplementary Figure 4, since civil works
(dam construction, reservoir preparation) are affected by sites that are more difficult to access,
environmental mitigation measures and cost escalations during the construction period. It is
conceivable that this effect is less pronounced for small compared to large hydropower installations,
given that the former benefits from the use of simpler civil structures due to low water flows and
low associated risks®*, leading to smaller relative cost proportion of civil works.

Regardless of size, the parallel that can be drawn from the comparison to hydropower is that capital
costs for pumped hydro installations appear to increase due to the increase in civil works costs. This
can be a result of more difficult and remote sites, increased development time due to public
hearings and licensing and increased environmental protection requirements.



Supplementary Figure 6. Visualisation of experience rate and uncertainty.

35%

30% +
25% +

20% +
15% +
10% +
0% -+

5% +

Experience Rate and Uncertainty

-10% +

-15%

Q 2 Q D A Q Q YA A A Q
I R T I P L
A%\\ X N ) QQ)"’ @ &\ Q\foﬁ QS & o *coﬁ
SN (2 » Ned N BN
@&\\\\ Q\Q\ a>®°\{b $ S be'(‘\\{b S & &@ \?&\
o & 2 & & o 2 ¢ S 2
S ¢ ¢ © ¢ F & & F
S A G Voo & @ &
@QQ) i P & @'\ \;\& \@ & “
N v ° s(\\\» (\\\3 < N

This chart shows the experience rates of EES technologies (blue bars) and their uncertainty (error
bars). The experience rates are based on the linear regression of the logarithms of product price and
cumulative deployment data. Error bars mark minimum and maximum experience rates based on
95% standard error confidence interval of the regression. This uncertainty reflects the deviation of
historic product price and cumulative deployment data from the mean experience rate.



Supplementary Figure 7. Cost analysis of raw material inputs for EES technologies.
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We calculate the raw material cost for each technology by multiplying material inventories from the
literature®836566 with commodity prices of the past 10 years (see Supplementary Table 3).

The blue bars show the raw material cost of EES technologies per system for pumped hydro and
compressed air and per pack for all other technologies. The error bars account for variations in each
technology’s material inventory and commodity prices over the past 10 years.

The analysis shows that those technologies for which ERs are derived in this study exhibit average
raw material costs below 110 USS/kWh (nickel-metal hydride). Higher average material costs can be
attributed to technologies designed for high power applications for which we did not derive
experience curves. These require expensive materials to withstand extreme conditions: high electric
charge for supercapacitors; low temperatures for superconducting magnetic energy storage (SMES);
or high velocities for flywheels. Nickel-based batteries exhibit relatively high costs and are subject to
high commodity price sensitivity, with raw material costs of 300 USS/kWh in the worst case for
nickel-metal hydride. The material costs of other electrochemical storage technologies are also
driven by their active materials like platinum, vanadium, lithium and lead and lie between 15 and 90
USS/kWh. Mechanical storage technologies have the lowest material costs below 20 US$/kWh due
to the extreme volumes of energy stored.

Wadia et. all explore the raw material cost of the active materials of five of the technologies
investigated in this study (vanadium redox-flow, lithium-ion (LMO), lead-acid, sodium-nickel-chloride
(ZEBRA), sodium-sulfur)®. Their finding of 90 SUS/kWh for vanadium redox-flow matches our range
of 28 — 132 USS/kWh, because in this technology the active materials comprise ~90% of overall raw
material costs (see Supplementary Table 4). Regarding lithium-ion (LMO), we find that active
materials make up 75% of the total raw material cost of a battery pack. The difference in our findings
(75% of 47 - 56 USS/kWh vs. 1 USS/kWh?8) mainly results from our consideration of spherical
graphite and battery-grade lithium carbonate needed for battery electrode manufacturing as
opposed to flake graphite and extraction-grade lithium carbonate. For lead-acid, the active material
also accounts for 75% of the total raw material cost of a battery pack. The difference in our findings
(75% of 15 — 95 USS/kWh vs. 10 USS/kWh) are subject to significant variations in lead prices. Active



material costs for sodium-nickel-chloride (ZEBRA) battery packs are determined by nickel,
comprising between 50% and 60%. Here, the difference (50% of 27 — 67 US$/kWh vs. 10 USS/kWh?8)
could be the result of differing assumptions on the nickel requirements per kWhe,p. Finally, for
sodium-sulfur battery packs, findings on active material costs are within similar ranges, however,
raw material costs of the complete battery pack (12 — 19 USS/kWh vs. 0.1 USS/kWh) are significantly
higher due to the low relative cost proportion comprised by the active materials (<1%).

Additional costs for other factors of production: direct labour, overhead, sales, R&D, depreciation,
profit and warranty, are below 20% of final system price for electrochemical technologies at high
annual production volumes>>*°, For mechanical storage such as pumped hydro, costs for planning,
civil works, infrastructure and logistics dominate total costs at 50 - 80%'%. Adding these cost
contributions to the raw material cost for nickel-metal hydride and pumped hydro, the
electrochemical and mechanical technologies with highest material costs, yields 130 US$/kWh (32 —
384 USS/kWh when accounting for ER uncertainty) and 98 USS/kWh (64 — 135 USS/kWh when
accounting for ER uncertainty) respectively. This is below the price ranges we forecast at 1 TWh
cumulative installed capacity. Therefore, these experience curve based price projections are not
infeasible.



Supplementary Figure 8. Sigmoid (S-curve type) growth models for EES technologies

To obtain potential EES technology diffusion curves, we derive sigmoid functions (S-curves) for EES
application subgroups. We fit the growth rate to annual market capacity forecasts from the
literature using non-linear regression. This also yields the standard error of the growth rate to
measure goodness-of-fit. Minimum and maximum growth rate are based on a Monte-Carlo analysis
of the non-linear regression. Initial and saturation capacity are based on the literature or own
assumptions.



a) Consumer Electronics
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c) Hybrid Electric Vehicles

70 2,000
=
=60 T =
z 1,500 £
< 50 + ' >
> £
S 40 + ©
§ 1,000 §
O 30 T q>)
] =]
320 7 500 S
c
< 10 + g
O
0 < t t t 0
2000 2010 2020 2030 2040 2050

Modelled annual market
Cumulative Installations

Literature estimates (annual)
Literature estimates (cum.)

Key parameters:
e  Growth rate: 0.204
e Standard error: 0.004

e  Min growth rate =0.190
e Max growth rate =0.241

Assumptions:

e Initial capacity: 1.0 GWh p.a. (19952)

e  Saturation capacity: 77.6 GWh p.a. (2050)
e Literature estimates??®

Comment: Li-ion battery market for portable
devices to double by 202528

Key parameters:
e  Growth rate: 0.348
e Standard error: 0.008

e  Min growth rate = 0.306
e  Max growth rate = 0.436

Assumptions:

e Initial capacity: 1.0 GWh p.a. (2011%°)

e  Saturation capacity: 2,600 GWh p.a.
(2050%°1)

e Literature estimates?®101-103

Comment: EV sales up from 0.46mn (2015) to
15mn (2030) and 41mn (2040)%?

Key parameters:
e  Growth rate: 0.208
e Standard error: 0.004

e  Min growth rate =0.197
e  Max growth rate = 0.225

Assumptions:

e Initial capacity: 0.06 GWh p.a. (199834

e Saturation capacity: 65 GWh p.a. (2050%°!)
e Literature estimates?34101

Comment: HEV sales up from 5mn (2015) to
25mn (2030) and 50mn (2050)°*



d) Residential Storage
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e) Utility-scale Storage:
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f) Solar Photovoltaic
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Key parameters:
e  Growth rate: 0.500
e Standard error: 0.007

e  Min growth rate = 0.466
e  Max growth rate = 0.656

Assumptions:

e Initial capacity: 0.05 GWh p.a. (2013)

e  Saturation capacity: 97 GWh p.a. (20501%)
e Literature estimates!0>7108

Comment: 4 GW (~12 GWh) of residential
systems installed annually by 202510

Key parameters:
e Growth rate: 0.326
e Standard error: 0.013

e  Min growth rate =0.222
e Max growth rate = 0.425

Assumptions:

e Initial capacity: 0.21 GWh p.a. (2011%)

e  Saturation capacity: 96 GWh p.a. (20501%)
e Literature estimates!#193:104,108,109

Comment: 30 GWh cumulative installed
storage in grid applications by 2025%

Key parameters:
e Growth rate: 0.328
e Standard error: 0.013

e  Min growth rate =0.252
e  Max growth rate = 0.452

Assumptions:

e Initial capacity: 1 GW p.a. (2004%)

e Saturation capacity: 200 GWh p.a. (2050'%°)
e Literature estimates®110-112

Comment: Total PV capacity installed each year
peaks at 200 GW between 2025 and 2040110



Supplementary Figure 9. Impact of experience rate and additional growth rate uncertainty on

timeframe of potential cost reductions for each EES technology.
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Supplementary Figure 10. Impact of experience rate uncertainty on cumulative investment
requirements in deployment to achieve cost reductions.
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b) Low experience rate scenario
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for each technology. No symbol means 1 TWh cumulative capacity is already deployed (pumped
hydro, lead-acid modules). Legend denotes technology (including application and experience rate
with uncertainty). Symbols: circle — system, square — pack, diamond — module, triangle — battery.



Supplementary Figure 11. Projected levelised cost of electricity (LCOE) for residential solar PV.
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In this analysis, we follow the approach described by the IEA to calculate LCOE and project future
PV module prices using the experience curves identified by BNEF*. PV module costs are scaled to
installed system costs using actual data for residential installations compiled by the IEA® (Factor:
2.95). This assumes that the same cost reduction rate applies to soft costs (e.g. installation) as to the
module development.
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