
R
t

C
a

b

c

d

a

A
R
R
A

K
B
L
R
E
E
G

1

e
m
t
e
e
c
[
p
b
t
g
r

C
f

t

0
d

Journal of Power Sources 196 (2011) 1593–1598

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

esource constraints on the battery energy storage potential for grid and
ransportation applications

yrus Wadiaa,b,1,2, Paul Albertusc,∗,1, Venkat Srinivasand,3

Lawrence Berkeley National Laboratory, Material Sciences Division, Berkeley, CA 94720, USA
Energy Institute, Haas School of Business, University of California, Berkeley, CA 94720, USA
Department of Chemical Engineering, 201 Gilman Hall, University of California, Berkeley, CA 94720, USA
Lawrence Berkeley National Laboratory, Environmental Energy Technologies Division, Berkeley, CA 94720, USA

r t i c l e i n f o

rticle history:
eceived 13 July 2010
eceived in revised form 23 August 2010
ccepted 23 August 2010

a b s t r a c t

Batteries have great promise for facilitating the grid integration of renewable energy and powering elec-
tric vehicles. One critical concern for the scale-up of battery production is the availability of the elements
used in battery couples. We provide the first systematic comparison of supply limits and extraction costs
of the elements in battery couples against short- and long-term scaling goals. Several couples can scale
well beyond short- and long-term grid-storage goals, including: Na/S, Zn/Cl2, and FeCl2/CrCl3. Li-based
couples currently have the performance characteristics most suitable for electric vehicles, yet scaling
eywords:
atteries
ithium
enewable energy
arth abundance
lectric vehicles
rid storage

beyond 10 MM vehicles per year will demand significant increases in Li production. We also provide a
framework to evaluate new couples, such as those based on Mg, which may be an alternative to Li-based
couples. While the extraction costs of the elements used in current battery couples are, in many cases,
below 10 $ kWh−1, the cost of finished battery cells is in the range of 150–1000 $ kWh−1, well above cost
targets of 100 $ kWh−1 for both grid and transportation applications. Currently high costs remain a critical
barrier to the widespread scale-up of battery energy storage.
. Introduction

The rapid expansion of renewable energy has driven interest in
nergy storage to facilitate the widespread and large-scale deploy-
ent of intermittent, carbon-free energy sources [1–5]. Likewise,

he future of electric vehicles (EVs) depends strongly on portable
nergy storage. Technologies that have been explored for various
nergy storage applications include pumped hydroelectric (PHE),
ompressed air (CAES), batteries, flywheels, and ultracapacitors
1,6–10]. Constraints on new system installations vary. For exam-
le, both PHE and CAES rely on favourable geography and geology to

e cost effective, and the number of new sites is limited [8,11]. Bat-
eries, in contrast to PHE and CAES, provide an important option for
rid-scale storage because they can be sited close to demand load,
educing transmission installations and losses [12]. Furthermore,
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batteries are the only suitable technology for near-term deploy-
ment in EVs [13,14]. Technology hurdles exist for batteries to meet
performance targets, but of equal importance to their future use
at large scales is the availability of the elements used to make the
battery active materials that are combined to form battery couples
(a battery couple contains anode and cathode active materials).
Herein we present the first systematic analysis of limits on the
availability of the elements for battery couples, providing a clear
assessment of the potential to significantly scale-up battery pro-
duction in the coming decades.

At present, lithium-ion, nickel metal hydride, and lead-acid bat-
teries dominate the portable rechargeable storage markets, while
sodium-sulfur and redox flow batteries have been deployed for
stationary storage [15–17]. Our analysis includes these couples, as
well as others that have been shown to operate reversibly (albeit
at various degrees of performance and development), have cur-
rent relevance in the battery markets, or are of interest to the
research community. Some couples, such as Pb/PbO2 (lead-acid)
and C6/LiCoO2 (lithium-ion), are widely familiar while others, such

as C6/LiMnPO4 and Li/O2, are still in the research stage. With such
a broad set of couples available, it is critical to identify which are
suitable for grid vs. EV applications, as well as any resource limita-
tions that set an upper bound on the energy storage potential (ESP)
of each couple.
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. Methods

We define the ESP as the maximum amount of energy (in TWh)
hat can be stored by the complete exhaustion of the limiting ele-

ent of a battery couple. We evaluate the ESP by looking at the
mount of the limiting element available under two constraints:
nnual production and total reserve base. Annual production and
otal reserve base data are taken from the United States Geological
ervice Mineral Commodity Surveys (see Supporting Information
or Detailed Information) [18]. The annual production is reason-
bly well known, as it obtained by summing up the production
ata of the world’s mines for each element. The reserve base is
ore uncertain; it reflects specific geologic information about the

resence of a mineral, and is defined to include the demonstrated
measured and indicated) amount of a resource. It includes cur-
ently economic, marginally economic, and some sub-economic
esources, encompassing “those parts of the resources that have
reasonable potential for becoming economically available within
lanning horizons beyond those that assume proven technology
nd current economics.” We stress that the current analysis con-
iders only the elements present in the active materials of a battery
ouple.

To calculate the electricity storage potential (ESP) of an electro-
hemical couple, we first must consider separately the two active
aterials of the couple. Every couple under investigation has one

imiting element that sets a finite limit on the amount of the cou-
le theoretically available. The limiting element is defined as that
hich will be completely exhausted (from the annual production

r reserve base) before the other elements of a couple. For example,
n the case of NiCl2, the more scarce material is nickel thus acting
s the limiting element, but in LaNi5 it is the not the nickel but
ather the lanthanum that acts as the limiting element. The limit-
ng element of each active material is first calculated, and then a
imiting element is determined for the couple. We assume 100% of
he limiting element is used to make batteries (in practice, batter-
es compete against other uses for the elements, so our results are a
est-case scenario). In general, the ESP is calculated using the prac-
ical specific capacity (with units of Ah g−1). The practical capacity
s based on the realistic voltage range for the cell and the stabil-
ty of the active materials. For example, the theoretical specific
apacity of LiCoO2 is 274 mAh g−1 but only 140 mAh g−1 is avail-
ble below a potential of ca. 4.35 V vs. Li metal; above ca. 4.35 V,
urrently available electrolytes are oxidized [19]. In addition, we
ssume the capacity (in Ah) at each electrode is the same. In prac-
ice an unequal capacity balance is often used because of specific
perating nuances of the electrode materials (e.g., in a lithium-ion
ell with a graphite negative electrode the graphite typically has an
xcess capacity to prevent lithium deposition during charge). The
ollowing equation gives the total Coulombic capacity (J) in units of
h:

= ĈA,

here A is the annual production or total reserve base of an active
aterial in grams and Ĉ is the practical specific capacity of that

ctive material (Ah g−1). The value of A is based on the annual
roduction or reserve base of the limiting element in the active
aterial, corrected for the weight of the limiting element in the

ctive material relative to the weight of the complete active mate-
ial. J values are calculated for each active material of the couple

nd the minimum of the two is used in the following equation to
alculate the ESP in TWh,

SPp,n = J(Vp − Vn)

109
.
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Vp is the potential of the positive-electrode material and Vn is the
potential of the negative-electrode material. In this analysis, we
use the mid-point potential of the equilibrium potential whenever
possible.

Couple extraction costs (CEC) are expressed in $ kWh−1 for each
battery couple with x elements and calculated by the following
equation:

CEC =
(

103

(Vp − Vn)

)
⎛
⎜⎜⎜⎜⎝

1

Ĉp

x∑
i=1

Pp,i ×

⎡
⎢⎢⎢⎢⎣

(xi)(Mi)
x∑

j=1

(xj)(Mj)

⎤
⎥⎥⎥⎥⎦

+ 1

Ĉn

x∑
i=1

Pn,i ×

⎡
⎢⎢⎢⎢⎣

(xi)(Mi)
x∑

j=1

(xj)(Mj)

⎤
⎥⎥⎥⎥⎦

⎞
⎟⎟⎟⎟⎠

where Pi is the mined price per element i given in $ g−1; xi/xj is the
ratio of molar quantities of an individual species in the active mate-
rial; Mi/Mj is the ratio of the molar masses of an individual species
in the active material; Ĉp is the practical specific capacity of the
positive-electrode active material (Ah g−1); and Ĉn is the practical
specific capacity of the negative-electrode active material (Ah g−1).
The first term in brackets is the calculated potential of the couple
with a factor of 103 to adjust the units. The second term in brackets
is the derived $ Ah−1 of the entire electrochemical couple and is
calculated by summing the extraction costs multiplied by the indi-
vidual mass fractions of each mined element. The left hand side of
this term is for the positive-electrode active material and the right
hand side is for the negative-electrode active material.

3. Results and discussion

3.1. Evaluation of the suitability of battery couples for grid and/or
electric vehicle energy storage

Batteries for grid-scale and electric vehicle energy storage have
significantly different performance requirements. While all 27
couples under investigation could be deployed for grid-storage
applications, only a sub-set are appropriate for EVs. For the 27
couples under investigation, Fig. 1 shows the practical system-
level specific energy and the theoretical specific energy based on
the weight of the active materials alone (detailed references can
be found in supporting Information). The system-level energy is
one performance attribute to consider when choosing a battery;
others include power capability, reversibility (the ability to cycle
hundreds or thousands of times), operating temperature range,
flexibility in size and shape, and round-trip energy efficiency. The
couples in Fig. 1 are divided into five broad categories: aqueous,
lithium-ion and lithium metal, high-temperature, flow, and metal
air. These categories are not exclusive; for example, many flow-
cell couples also use aqueous solutions [17]. Also, some couples
may have multiple designs. For example, the Li/S couple was orig-
inally investigated in a high-temperature design, but recent work
has focused on ambient-temperature designs [20,21]. In practice,
a couple may achieve ca. 35% of the theoretical specific energy at
the battery cell level (the extra weight comes from the electrolyte,

current collectors, casing, etc). Fig. 1 includes the Department of
Energy (DOE) EV pack (system-level) specific energy goal [22]. We
assume the system-level practical specific energies of the couples
is 70% of that at the cell level, to allow comparison with the EV
pack goal on a common weight basis. Fig. 1 includes a vertical line
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Fig. 1. The practical system-level specific energy of 27 couples and their theoretical specific energy based on the weight of active materials alone. The DOE pack goal for
an EV with a 40 kWh battery pack is shown, as well as the approximate theoretical energy required for a couple to have a chance of meeting the pack goal. References for
the practical specific energies are given in the supporting information. We have underlined the labels of those couples that have demonstrated very good reversibility (i.e.,
a long cycle life). Couples still in the very early stages of development are shown below the main axes. All practical batteries fall short of the theoretical specific energy
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the theoretical = practical diagonal line is indicated), as other components besides
Pb/PbO2, 2 Cd/NiOOH, 3 REE-Ni5H6/NiOOH, 4 LaNi5H6/NiOOH, 5 Zn/NiOOH, 6 Z

6/LiCoO2, 11 C6/LiMn2O4, 12 C6/LiNi0.8Co0.15Al0.05O2, 13 C6/0.3LiMn2O3·0.7LiMn0.5

9 Mg/Sb, Flow: 20 V(SO4)/VO2(HSO4), 21 Zn/Br2, 22 Zn/Cl2, 23 Na2S2/NaBr3, 24 CrC

howing the approximate theoretical specific energy required for
couple to have a chance, following more development work, to
eet the DOE EV pack goal (the factor of 4 comes from multi-

lying 35% by 70%). Thus, Quadrants I and II show couples that
ave already achieved a practical specific energy meeting the DOE
oal.

While Fig. 1 identifies couples that exceed the DOE EV pack goal,
one of the couples have sufficient reversibility and other perfor-
ance characteristics to be used in vehicles. Neither the Li/CoO2

#9) nor the Li/S (#16) couple can safely cycle the hundreds to thou-
ands of cycles required by an EV application, and the Zn/O2 (#26)
ouple has a limited reversibility, low power capability, and a low
ound-trip energy efficiency (ca. 60%, compared to ca. 90% for Li-ion
ouples). The DOE specific energy goals for plug-in hybrid (PHEV)
nd hybrid (HEV) electric vehicles are significantly lower, explain-
ng the forthcoming use of couples such as C6/LiFePO4 (#14) and
6/Li0.8Co0.15Al0.05O2 (#12), and the present use of the Rare Earth
lement (REE) REE-Ni5H5/NiOOH couple (#3), in these applica-
ions [23,24]. In general, negative- and positive-electrode materials
re interchangeable in lithium-ion systems (“lithium-ion” refers
o a class of couples); this means many more combinations (such
s Si/0.3LiMn2O3·0.7LiMn0.5Ni0.5O2) are possible than we show in
ig. 1 [25,26]. The metal air cells, especially the Li/O2 cell, may have
ery high specific energy, although the kinetics and reversibility
f the O2 electrode are poor and much development remains [27].
he performance of the Li/S system (#16) has improved signifi-
antly in recent years, and is an area of active research [20,21].
hile the theoretical specific energy of Na/NiCl2 (#17) and Na/S
#18) are high, they both operate at elevated temperatures (sev-
ral hundred ◦C), and are therefore not suitable for EVs. The Zn/Cl2
#22) system also has a high specific energy but has not been built
ith a cell design suitable for EVs. From our discussion of Fig. 1 we
e materials are required. Following is a key to the couples and numbers: Aqueous:
2, Lithium-ion and Lithium metal: 7 Li4Ti5O12/LiCoO2, 8 Si/LiCoO2, 9 Li/LiCoO2, 10
2, 14 C6/LiFePO4, 15 C6/LiMnPO4, 16 Li/S, High-temperature: 17 Na/NiCl2, 18 Na/S,
l3, 25 Zn/Ce(CO3)2, Metal air: 26 Zn/O2, 27 Li/O2.

draw the conclusion that some couples will never meet the EV spe-
cific energy target, while those with the potential still need more
development in terms of practical specific energy and other perfor-
mance characteristics. Our discussion also shows that in the near
term, the couples with the best potential to meet EV performance
requirements are all based on Li. Thus, Li will be the most important
element for the scale-up of EVs in the short and possibly long-term.

3.2. Availability and cost of the elements for scaling up battery
energy storage

Fig. 2 shows each couple with its ESP for both annual produc-
tion (Fig. 2A, representative of a “flow”) and total reserve base
(Fig. 2B, representative of a “stock”). We order the couples by annual
production because of near-term relevance to the battery indus-
try and the inherent uncertainty in reserve base projections. The
limiting element in each couple is shown in brackets at the right
of its label. Goals are used to provide appropriate order of mag-
nitude comparisons. We include short-term (10–15-year) “flow”
goals in Fig. 2A and long-term (40–50 years) “stock” goals in Fig. 2B.
We also show long-term “flow” goals in Fig. 2A to allow direct
comparison with current annual production data. The short-term
grid-storage annual production goal is 1% of 2009 US daily electric-
ity production, as many states have renewable portfolio standards
targeting 20–25% of grid electricity supplies by the ca. 2025 time-
frame [28,29]. An annual production of 1% of US daily electricity by
ca. 2025 would facilitate the introduction of intermittent renew-

ables to the grid. Previous studies of the U.S. electricity distribution
system indicate a threshold of <8% for the penetration of inter-
mittent sources like photovoltaics without cost effective storage
[30]. For reference, currently about 2.5% of US electricity is cycled
through a PHE storage unit and the fraction of US electricity in
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ig. 2. (A) Energy storage potential (ESP) based on annual production of the eleme
rid-storage and EV energy storage applications. The elements in brackets at the
eserve base of the elements. Long-term (40–50-year) “stock” goals are provided. *E
alculated from the USGS prices of the elements.

008 that came from intermittent solar and wind was about 2%
11,29]. The long-term grid-storage goal in Fig. 2A represents a 5%
er year turnover (i.e., a battery life of 20 years) of a battery stock
ble to store a day’s worth of the world’s electricity production in
007, the most recent year for which international data is available
31]. For the short-term transportation goal we show the annual
roduction of 1 MM 40 kWh vehicle batteries [32]. The DOE tar-
et size for an EV battery is 40 kWh, which allows a range of up
o ca. 150 miles in a small car [22]. 1 MM EVs per year are signifi-
antly higher than current annual sales of hybrid-electric vehicles,
ut predictions about the coming EV market vary. The long-term
V “flow” goal in Fig. 2A is the required energy for 100 MM 40 kWh
ehicle batteries. 100 MM vehicles is ca. 10% of the current world
ehicle fleet, and the vehicle fleet turns over every 10–15 years [33].
he long-term “stock” goals in Fig. 2B represent, for grid-storage,
007 world daily electricity consumption, and for the transporta-
ion sector, approximately the total current number of vehicles in
he world [31,33]. With significant economic development in the
oming decades, by the middle of the century these goals may rep-
esent significant fractions, though not all, of the world’s electricity
roduction and number of vehicles [34].

For grid-scale storage based on annual production, our results
how that 18 of the couples could supply 1% of 2009 US daily elec-
ricity. It should be noted, however, that other industries compete

or the same mined elements so using all the annual production
f an element for making batteries is only possible with increased
upply. Of those 18, five couples have an ESP nearly two orders of
agnitude higher than the short-term grid “flow” goal, and three

f these have already received development for grid-storage (Na/S,
hort-term (10–15-year) and long-term (40–50-year) “flow” goals are provided for
side of the labels are the limiting elements in each couple. (B) ESP based on the
ll beyond the limit of the figure. (C) Extraction costs of the elements in the couples,

Zn/Cl2, and CrCl2/FeCl3). Therefore, several grid-storage couples
could be scaled up in the short-term with minimal impact on the
overall market of the elements in the couples. Interestingly, these
five couples have a current annual production significantly above
even a long-term “flow” goal of 5% of the 2007 world electric-
ity production. Regarding the long-term goal of storing the 2007
world daily electricity production, eight of the couples have a total
reserve base that could support battery storage an order of magni-
tude above that target. Thus, our analysis shows there are several
battery couples that have already received significant development
that contain elements with sufficient availability for meeting short-
and long-term grid-scale storage goals. When one considers scal-
ing up several of these couples simultaneously, the potential for
battery grid-scale energy storage becomes even more favorable.

For EV deployment based on annual production, nearly all of the
couples can meet the short-term goal of 1 MM 40 kWh vehicle bat-
teries, although our discussion of Fig. 1 showed that not all have
suitable performance attributes for transportation applications.
The Li-based couples that are most likely to be used in EVs, as well
as hybrid (HEV) and plug-in hybrid-electric vehicles (PHEVs) (i.e.,
C6/LiFePO4, C6/LiMn2O4, C6/LiNi0.80Co0.15Al0.05O2, and C6/LiCoO2),
have a sufficient ESP to meet the short-term target, although the
availability of Co is an issue for couples with LiCoO2. Of the Li-based
systems in current production, the C6/LiFePO4 and C6/LiMn2O4 cou-

ples have the highest ESP, although their practical specific energies
are too low to meet the DOE EV goal. While modest expansion of Li
production can support 1 MM 40 kWh vehicle batteries, to meet a
long-term target of 100 MM 40 kWh Li-based EV batteries per year
a dramatic expansion of annual production will be necessary (more



wer So

t
i
e
d
g
L
a
h
t
(
b
w
c
t
p
e
t
p
s
m

c
o
p
m
f
b
M
g
s
g
e
p
i
(
t
a
C
e
P
d
i
t
e
P
p
i
a
c
P
f
t
L
m
1

t
i
g
a
C
s
a
t
s
1

C. Wadia et al. / Journal of Po

han one order of magnitude). Scale-up will require a long lead time,
nvolve heavy capital investment in mining, and may require the
xtraction and processing of lower quality resources, which could
rive extraction costs higher. With respect to the long-term “stock”
oal of 1 billion 40 kWh vehicle batteries, the reserve base of several
i-based couples are sufficient, but near the limit of what is avail-
ble. We also note that the Ni/MH batteries used in HEVs today
ave an ESP (for annual production and reserve base) similar to
hat of Li-based couples. Because HEV batteries are much smaller
e.g., 1 kWh) than EV batteries, more Ni/MH HEV batteries than Li-
ased EV batteries can be built, although if larger Ni/MH batteries
ere used, they would face similar supply constraints as Li-based

ouples. In short, for EV batteries, only some Li-based couples have
he characteristics to satisfy EV performance targets, scale-up of
roduction will be especially needed in the long-term, and if the
ntire estimated reserve base of Li were used for EV batteries, on
he order of 1 BB 40 kWh batteries could be produced. If such a
ath is pursued, Li recycling will be necessary. Based on our analy-
is, we believe the transportation market to have significantly more
aterial supply constraints than the grid-storage market.
In Fig. 2C we show the extraction cost for each couple. Extraction

osts are obtained by crossing individual mined extraction costs
f the elements with the mass fraction contribution to the com-
lete battery couple. The extraction costs are estimated from the
arket price of the elements. Due to the variety of mineralogical

orms, extraction costs should be viewed as an estimate and are
est used for comparative purposes (see Supporting Information for
ore Information) [11,35,36]. Long-term capital cost goals for both

rid-storage and EV systems are 100 $ kWh−1 (for EVs, a 40 kWh
ystem would cost $4,000, considered a reasonable amount; for
rid-scale storage, 100 $ kWh−1 corresponds to 5000 cycles with
nergy at a cost of 0.025 $ kWh−1 cycle−1, about 25% of the price
aid by US consumers today) [22,37]. A better cost metric than cap-

tal cost alone for comparing battery couples is $ kWh−1 cycle−1

or $ kWh−1 year−1), but there is currently insufficient informa-
ion for such a comparison. For reference, battery cells today cost
bout 150 $ to 1000 $ kWh−1, while the most favourable PHE and
AES sites can store energy for as little as 10 $ kWh−1 [8]. The most
stablished and least expensive mass-market battery today is the
b/PbO2 couple, with a capital cost of about 150 $ kWh−1 for a deep-
ischarge cell. As Fig. 2C shows, the extraction cost of the elements

n the Pb/PbO2 active materials are under 10 $ kWh−1, illustrating
he point that much of a battery’s cost is in components besides the
lements in the active materials. The 150 $ kWh−1 is the cost of a
b/PbO2 battery cell alone, with system costs for grid-storage (e.g.,
ower electronics, inverters) or an EV (e.g., power electronics, cool-

ng system) adding to the cost. The 100 $ kWh−1 system cost goals
re significantly below the cost of a Pb/PbO2 battery cell, implying
osts must be lowered by at least a factor of two beneath that of
b/PbO2. For the Li-based systems, the price of Li metal was used
or the couples Li/S and Li/O2, while for the other Li-based couples
he price of Li2CO3 was used (many synthetic processes start with
i2CO3, not Li metal). Fig. 2C shows the extraction costs of the ele-
ents in the active materials of several Li-based couples are below

0 $ kWh−1 and comparable to Pb/PbO2.
The couple extraction costs given in Fig. 2C are revealing because

hey represent the “theoretical” lower bound on system cost, and
n particular show which couples will be unable to meet the cost
oals of 100 $ kWh−1 because the elements in the active materi-
ls are too expensive. In particular, Li-based systems containing
o have a high price for the elements in the active materials. Not

urprisingly, the couples with high ESPs in Fig. 2A and B tend to
lso have low extraction costs. While the cost of the elements in
he active materials in the battery couples in our analysis vary
ignificantly, the cost of finished battery cells are in the range of
50–1000 $ kWh−1, significantly above cost goals of 100 $ kWh−1
urces 196 (2011) 1593–1598 1597

for grid-storage and EV systems. More than overcoming perfor-
mance limitations, achieving major cost reductions in batteries for
both grid and transportation applications will be important for eco-
nomic scale-up of energy storage.

4. Framework for evaluating electric vehicle couples not
based on Li

Our analysis can also inform the search for EV battery couples
based on non-Li couples. For example, among the couples in our
present analysis, those containing Cl, Cr, Fe, Mn, Na, S, and Zn are
found in couples with a particularly high ESP and have a low extrac-
tion cost; new couples utilizing these elements may be of particular
interest. Mg-based couples have also been discussed as having the
potential to achieve a high specific energy and eventually replace
Li-based couples [38]. Fig. 1 provides benchmarks for the specific
energy of a proposed couple, while Fig. 2 allows a comparison with
the ESP of other couples and energy storage goals, as well as couple
extraction costs. Mg, for example, has an annual production nearly
two orders higher than Li (see Supporting Information), as well as
a lower extraction cost, warranting further investigation providing
active materials with only other abundant elements are used.

5. Limitations of the present analysis and suggestions for
future work

This analysis provides a best-case scenario for the battery ESP
based on the availability and cost of the elements for battery active
materials alone, and can therefore be thought of as a “first order”
analysis. Future work can address some of the limitations of the
present analysis and the questions that it raises. We list some of
the most important topics here.

(1) The ESP analysis based on the elements in the active materi-
als alone neglect the balance-of-system components, which in
general make up more than half (and sometimes closer to 85%)
of the mass of an actual battery. The importance of these addi-
tional components when considering the ESP will differ from
case to case. For example, the Na/S system requires special
corrosion-resistant materials to hold liquid Na and S at high
temperatures, and these materials may have a low abundance.
Adding in these components would clarify whether materials
other than the elements in the active materials are limiting
for some battery couples, although it should be noted that cell
designs and balance-of-system materials can change through
time.

(2) The couple extraction costs we provide are based on the costs
of the elements in the active materials, rather than the costs
of the active materials actually used in batteries. Additional
work could base the couple costs on the active materials directly
rather than the elements within the active materials. Difficulty
in obtaining such information prevented us from using the
active material costs in this study. As one example, the price
of the active materials in a C6/LiCoO2 cell (30 $ kg−1 for the
C6, 40 $ kg−1 for the LiCoO2) is 108 $ kWh−1, while the price of
the elements alone is 77 $ kWh −1 according to our calculations
[39].

(3) Just as it is possible to add in the balance-of-system materials
to the analysis of the limiting element and ESP, the balance-of-
system components could also be added into the cost analysis,

so that a more detailed comparison can be made between the
costs of the different couples. However, this requires having
access to detailed battery designs, and as grid-storage batteries
in particular are at an early stage of deployment, such designs
are presumably still changing rapidly.
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4) The reserve bases of the elements are uncertain because of
the difficulty of collecting such information. Future work could
use the economic reserves to compare the “stock” ESP of the
couples, or the reserve base numbers can be updated if better
information becomes available.

5) A major scale-up of battery energy storage will require the
establishment of new supply chains, which will have environ-
mental, social, and potentially political implications. Reserves
of Li, for example, are concentrated in Bolivia, while reserves of
rare earths are concentrated in China. Further analysis of sup-
ply chains may help planners structure battery scale-up to help
achieve environmental and social goals.

. Conclusions

In the short-term (10–15 years) and long-term (40–50 years)
here is sufficient availability of the elements for battery deploy-

ent in grid-scale applications. For the EV application, scale-up of
i production will be needed to meet short-term goals, but will be
specially necessary to meet long-term goals. Eventually, on the
rder of 1 billion 40 kWh Li-based EV batteries can be built with
he currently estimated reserve base of Li. Achieving aggressive cost
eductions will continue to be a challenge for grid-scale and elec-
ric vehicle energy storage markets but the cost targets for battery
torage should not be hampered by the costs of the elements in the
ctive materials in most cases. Expansion of battery research into
lternative materials may accelerate our ability to work through
oth the scaling and cost challenges inherent in long-term planning
or battery energy storage.
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