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Table 1.1: Goals for batteries to make battery electric cars competitive with internal combustion engine cars [U.S.

Advanced Battery Consortium (USABC), n.d.; Duvall & Alexander, 2005; Kalhammer et al., 2007].
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Table 1.2: Characteristics of some commercially available battery electric cars.
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Figure 2.1: Standardized driving cycle for extra-urban driving [U.S. Environmental Protection Agency (EPA), 2010]
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Figure 2.2: Main elements and power flow inside a vehicle [Campanari et al., 2009]
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Figure 2.3: Conceptual scheme of an iterative calculation procedure for driving cycle simulation [Campanari et al.,

2009]
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Table 3.1: Possible BEV battery technologies, theoretical specific energy and development stage
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I "#$ : Performance of Li-ion batteries (battery pack)
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Table 3.3: Current costs of Li-ion battery packs and cells
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Figure 3.1: Comparison of four commercial battery technologies on present performance and cost characteristics



Table 3.7: Present positive and negative aspects of all battery technologies discussed in section 3.1

4 .- > - P - B
(& + + + P +/- - *
$ (-0 + - > + >4° * 7
%12 + - + +/- + >>*° +/- B
* + > +- + >>'° o
4 (&* ++ +/- > + * 7
, % & ++ - ++
$ (& ++ - * 7
& T+ - — > 45
3& ++ - - >
3 + P
< > > > 5
$
> P P B
. &
-& P P B
. &( P P
(&+
0 B B B
9 45 45 G IH5 G 495 &
c > , , , 23
& 0 , = &/0 1
&) 1, &+ 1
C> &) 1C> 0
9 &
D2) 1
&2 1 , 0 &8
ocC> 1 &
> > 0 1 ,
, 23 G , 01
7 :
, cC@ " , 1
0 , 4 5
C> & 1 0 &) 1 ,
7 &+ 1 : 1
, 23 i, , &
C>1
&C , > 4  #&$5
, , &/0 1 ,
1 0 , &



> 4 #&$516 >
, , &
1
0&
, &) :
, 01, 1 ,
#&$5&
0 1,
6 1,
2*
, 0 ,C>
4 1
9 &A 1,
, 1 7 0 0
=% "D2)
0 cC> 0
1 ,
0, 0 7
2 - "C>
&
, &
6 , 23
7 &
# * 2 6 >
&D >
, 23
0 , &C
, 7
&A 1
, 23&) 1
) , > &. 0
9 10
9 >

& @ 1D2)
> &



% & +

9 9 ,
&) 1, , ,C>1D2)1C> >
& 9, 0 00
L &) 1 0 0
' o , 00 >, &
% !
Table 4.1: Importance of improvement of Li-ion battery performance characteristics and projections on future
enhancement.
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Table 4.2: Importance of improvement of ZEBRA battery performance characteristics and projections on future

enhancement.
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Table 4.3: Importance of improvement of lithium-sulfur battery performance characteristics and projections on
future levels.
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Table 4.4: Importance of improvement of zinc-air battery performance characteristics and projections on future

levels.
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Table 4.5: Importance of improvement of lithium-air battery performance characteristics and projections on future

levels.
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Table 4.6: Short term (2015) battery performance projections based on literature review and expert consultation
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Table 4.7: Medium term (2025) battery performance projections based on literature review and expert
consultation
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Table

4.8: Long term (beyond 2025) battery performance projections based on literature review and expert

consultation
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Table 4.9: Overview of battery costs projections from literature review and the assessment of progress ratios and
battery cost breakdowns
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Table 4.10: Battery cost projections based on literature review and assessment of progress ratios and battery cost
breakdowns
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Table 4.11: Total demand for raw materials for a cumulative number of 1.6 billion EVs in 2050 (with 25 kWh
batteries that all contain the same chemistry) and present other demand, world reserves and
reserve base.
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Bolivia 5,400,000
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Table 4.12: Environmental impact of batteries designed for range of 60 km, car lifetime 180,000 km
(corresponding to 3,000 cycles) [Van den Bossche et al., 2006]
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Figure 4.3: Shares of environmental impact correlating to an ICEV and a BEV (ICEV value in % of BEV, BEV is
set as 100%), li-ion battery designed for a range of 200 km and a car lifetime 150,000 km
(corresponding to 750 cycles) [Notter et al., 2010a]
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Table 4.13: Environmental impact of 1 kg Li-ion battery (one battery was designed for a range of 200 km and a
car lifetime 150,000 km, corresponding to 750 cycles) [Notter et al., 2010b]
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Table 4.14: Environmental burden of the production of 1 kg Li-ion battery; non-renewable cumulated energy
demand (CED) [Notter et al., 2010b]
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Table 4.15: Gross Energy Requirement, recycling and energy savings through recycling for battery raw materials.
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Table 5.2: Future battery performance of five battery technologies, at pack level (based on sections 4.1 to 4.6).
Between brackets: bandwidth for sensitivity analysis. Shaded cells: values were assumed, as no
projections were found on these performance characteristics.
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Table 5.3: Car independent parameters
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Table 5.5: Electricity supply parameters
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Figure 6.1: Battery weight as a function of the driving range
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Figure 6.2: Battery cost as a function of the driving range
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Figure 6.3: Energy consumption of the drive train (energy delivered by the battery) as a function of the driving
range

Figure 6.4: WTW energy consumption of battery electric car as a function of the driving range. Energy
consumption for heating of the ZEBRA batteries (when not in operation) is not included.
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Figure 6.5: WTW emissions of the battery electric car as a function of the driving range. Energy consumption for
heating of the ZEBRA batteries (when not in operation) is not included.
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Figure 6.6: Total driving costs of the battery electric car, considering a number of present and future battery
technologies
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Table 6.1: cycle life and lifetime of the simulated batteries, and the minimum range required between two full
charges
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Table 7.1: Range up to which the specific power is decisive over the specific energy of the battery in defining the

battery’s weight.
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Figure 7.1: Specific power levels that should be attained for a Li-S battery to make the specific energy decisive in
defining the battery’s weight and impact of the specific power on the battery weight

Figure 7.2: Specific power levels that should be attained for a Zn-air battery to make the specific energy decisive
in defining the battery’s weight and impact of the specific power on the battery weight



Figure 7.3: Specific power levels that should be attained for a Li-air battery to make the specific energy decisive in
defining the battery’s weight and impact of the specific power on the battery weight
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Figure 7.4: Impact on the battery weight if the specific power is high enough to make the specific energy decisive
in defining the battery’s weight
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Figure 7.5: Impact on the WWT energy consumption if the specific power is high enough to make the specific
energy decisive in defining the battery’s weight impact

Figure 7.6: Impact on the WWT emissions if the specific power is high enough to make the specific energy
decisive in defining the battery’s weight impact
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Figure 7.7: Impact on the total driving costs if the specific power is high enough to make the specific energy
decisive in defining the battery’s weight impact

Figure 7.8: Minimum range required between two full charges as function of cycle life and lifetime.
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Table 7.2: Sensitivity of simulation model output parameters to changes in Zn-air characteristics (at a range of
600 km)
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Figure 7.9: Change of WTW energy consumption (at a range of 600 km) due to adaption of the battery’s specific
energy, depth of discharge or efficiency (to the lower or higher value defined for the sensitivity

analysis).
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Table 8.1: TTW and WTW energy consumption and emissions: comparison of results from driving cycle
simulation to data from Van Vliet [2010] and Notter et al. [2010a] and of the Nissan Leaf
[‘elektrische auto Nissan Leaf’, 2010]
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Table 8.2: Total driving cost: comparison of results from driving cycle simulation to data from Van Vliet [2010].
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Equation A1.1: Oxidation reaction

Ni** +2€ ® Ni

Equation A1.2: Reduction reaction

Figure Al.1: Components of an electrolytic cell.
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Figure A1.2: Monopolar and bipolar
configuration, (a) & (b) geometry of joined
cell group (dotted lines = separators), (c) &
(d) connection of joined cell groups [Rand
et al., 1998]
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Table Al.1: Classification of traction batteries and applied electrode materials
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Table A1.2: Key parameters of traction batteries
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Table A2.1: ARPA-E projections on specific energy for present and advanced Li-ion technology and adapted for
weight losses at cell and pack level
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Figure A2.1: Projections on the specific energy of Li-ion batteries for BEVS on pack level and at commercialization
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Figure A2.2: Present status of five Li-ion chemistries. The farther the colored shape extends along the axis, the
better the performance along that dimension [BCG, 2010]
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Table A2.2: Specific energy increase of ZEBRA batteries at 2% and 4% annual improvement rate
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Table A2.3: Power requirement to maintain the operating temperature of the ZEBRA battery, assuming an
ambient temperature of 20 C.
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Figure A2.3: Li-S battery, polysulfide shuttle [Sion Power, n.d.]
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Figure A2.4: Relationship between the specific energy and specific power of lithium-sulfur and other batteries
[Sion Power, n.d.]
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Table A2.4: Potential specific energy of a Li-S battery pack, considering various values for the utilization rate and
cell specific energy
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Table A2.5: Potential specific energy of a Zn-air battery pack, considering various values for the utilization rate
and cell specific energy
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Table A2.6: Chemical reactions for a Li-air battery with an aqueous or non-aqueous electrolyte [Green Car

Congress, 2010a; ARPA-E, 2009].
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Figure A3.1: Cost reduction scenarios based on projections from table 5, assuming conservative and progressive
cost reduction (at moderate and high volume battery production respectively).
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Table A3.3: Progress ratios for batteries, from literature [Nagelhout and Ros, 2009] and derived from data found
[Kalhammer et al., 2007; Toyota, 2009; IIT, 2005; Kamath, 2009]
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Table A3.4: Projections of global BEV sales, annual volumes.
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Figure A3.2: Projected annual battery production volumes, based on projected BEV sales.



Figure A3.3: Battery cost reduction scenarios based on expansion of annual production volumes to 1.5 million
batteries in 2020, present battery costs of 800 and 1200 $/kWh and progress ratios of 83% and

90%.
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Figure A3.4: Projected ZEBRA battery costs, based on cost data from Kalhammer et al. [2007] and production
capacity goals from Cebi [2010].
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Table A3.5: Cost breakdown for 2009 low and high volume battery production [BCG, 2010; Lache et al., 2009]
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Table A3.6: Cost breakdown for present low volume and present and future high volume battery production [BCG,

2010; Lache et al., 2009]
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Table A3.7: Projection of potential cost breakdown for ZEBRA battery [Galloway and Dustmann, 2003]
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Figure A3.5: Breakdown of raw material costs ($/kWh) for a battery cell with a nickel-manganese-cobalt based
cathode [Lache et al., 2009].
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Figure A3.6: Breakdown of raw material costs ($/kwh) for a battery cell with a lithium-iron-phosphate based
cathode [Roland Berger, 2009].
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Figure A3.7: Projected breakdown of raw material costs ($/kWh) for an 86 $2010/kWh ZEBRA battery cell
[Galloway and Dustmann, 2003]



Table A3.9: Raw material prices of electrode materials for Li-ion, ZEBRA, Li-S, Zn-air and Li-air batteries
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Table A3.10: Cost breakdown for low and high volume battery production [BCG, 2010; Lache et al., 2009]

2811 2811 2
0 E)88+ 0 E)8)8 02
5 )88+Q
@88/, "E s /,"E O#E
@ (. @ (.
;88E888/, "E
| JEB | JEB | JEB | JEB
E E >= %=&H> $H& #=& F@
E! E
3 ES$E %= >=% %& >=&H F &= )@
! E E "
3 ( #% >%# J> F :88
E $.E
! E E
++8%))8 >A8*?78 2@@ A >88
W& 1 0, 0 C > D2) &
, 0 , " , 0 0
&) 1 , C>
, D2) &-, 1 , 9
" & , 1 , 4
5 , &
1 , 0 , 0 ,C>
, & e 1,
, C> 1C>1D> Cc> &) :
, 1
B &

Table A3.11: Comparison cost breakdown of low cost Li-ion (potential cost as derived in this section, table 11) and
ZEBRA batteries [Galloway and Dustmann, 2003]
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Table A3.12: Raw material and total prices of electrode materials for Li-ion, Li-S, Zn-air and Li-air batteries
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Figure A3.8: Comparison scenarios derived from literature and from market/experience curve approach
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Figure A4.1: Learning curve for Li-ion cells (consumers electronics, e.g. Laptops). The progress ratio is 0.83
[Nagelhout and Ros, 2009]. On the horizontal axis: cumulative battery capacity (kWh), on the
vertical axis: battery cost ($/kwWh)
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Table A4.1: NiMH battery costs as a function of annual production volume [Kalhammer et al., 2007]
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Figure A4.2: Battery cost as function of production volume [Kalhammer et al., 2007]
Table A4.2: HEV sales numbers (x1000)
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Figure A4.3: Experience curve for NiMH batteries, based on Toyota and global HEV sales and cost projections
from Kalhammer et al. [2007]
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Figure A4.4: Experience curves for Li-ion batteries, derived from Kamath [2009] and based on 15 and 10 percent
cost reduction through doubling of production volume.
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Table A4.3: Cost projections for ZEBRA battery as function of production volume
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Figure A4.5: Experience curve for ZEBRA batteries, based on cost projections from Kalhammer et al. [2007] and
an average battery capacity of 21 kWh.
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Table A5.1: Sensitivity of simulation model output parameters to changes in future Li-ion characteristics
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Table A5.2: Sensitivity of simulation model output parameters to changes in future ZEBRA characteristics
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Table A5.4: Sensitivity of simulation model output parameters to changes in Zn-air characteristics
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Table A5.5: Sensitivity of simulation model output parameters to changes in Li-air characteristics
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Figure A5.1: Change of WTW energy consumption due to adaption of the battery's specific energy, depth of
discharge or efficiency (to the lower or higher value defined for the sensitivity analysis).
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Figure A5.2: Change of WTW emissions due to adaption of the battery’s specific energy, depth of discharge or
efficiency (to the lower or higher value defined for the sensitivity analysis).
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Figure A5.3: Change of total driving costs due to adaption of the battery’s specific energy, depth of discharge,
efficiency, specific costs ($/kWh) or lifetime (to the lower or higher value defined for the sensitivity
analysis).
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