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Abstract

Battery cost is among the largest barriers to mainstream adoption of electric vehicles. This
dissertation examines near future battery technology and cost by (1) validating existing physics-based
battery performance models using laboratory testing and manufacturer specifications, (2)
constructing battery design optimization and production cost models to identify the least-cost design
and investigating how key design-decision variables affect performance and cost for a variety of
vehicle power and energy requirements, and (3) conducting expert elicitation on future battery costs
and the key factors that drive cost. The validation, cost, and optimization modeling work use

LiNi, 3;C0,35Mn, 3,0,/Li,.C; NMC-G) as the chemistry of choice. Validation results of Battery
Design Studio™ (BDS) a Li-ion battery modeling software indicated that BDS predictions of total
energy delivered under our constant C-rate battery discharge tests are within 6.5% of laboratory
measurements for a full discharge and within 2.8% when a 60% state of charge window is
considered. Once validated, BDS is used to develop a power meta-model that predicts the 10—sec
power capability of a cell design as a function of its capacity (Ah) and cathode coating thickness
(microns). The production cost model is a process-based model and is constructed adopting process
step information from existing literature. Subsequently, an optimization model is developed which
estimates the cheapest cost battery pack design for a set of five different electrified vehicles (EVs)
whereby the role of design-decision variables like cathode coating thickness is investigated among
others. The energy and power requirements for the EVs, used as constraints in the optimization
model, are calculated using the Powertrain Systems Analysis Toolkit (PSAT). Battery pack costs
calculated are in the range of costs reported in the literature. Results indicate that higher capacity
cells manufactured using higher electrode coating thicknesses can decrease manufacturing costs by
5-8%. Results suggest that economies of scale can be reached at a plant size of about 200MWh.
Expert elicitation indicates that a variation of NMC-G is likely to be the cheaper cell-chemistry by
2018 with no major technological breakthroughs. Some experts also expect manufacturing
improvements resulting in higher electrode coating thicknesses and cell capacities expected by 2018.
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1. Introduction

This work is a compilation of three studies that collectively investigate the near-future cost and
design developments of Li-ion batteries. The following chapter, Chapter 2, is on the validation of
Battery Design Studio® (BDS). The chapter is a copy of the published version of the paper'. For the
validation, battery performance simulations from a commercial lithium-ion battery modeling
software package against manufacturer performance specifications and laboratory tests were
compared to assess model validity. A set of commercially manufactured spiral wound lithium-ion
cells were electrochemically tested and then disassembled and physically characterized. The BDS
software was then used to create a mathematical model of each battery, and discharge simulations at
constant C-rates ranging from C/5 to 2C wete compated against laboratory tests and manufacturer
performance specifications. Results indicate that BDS predictions of total energy delivered under
our constant C-rate battery discharge tests are within 6.5% of laboratory measurements for a full
discharge and within 2.8% when a 60% state of charge window is considered. Average discrepancy is
substantially lower. Results suggest that BDS can provide sufficient accuracy in discharge
petrformance simulations for many applications.

Chapter 3 is a techno-economic analysis involving three different models that predict: i) the 10-sec
power capability of a pack as a function of the cell capacity, the electrode thickness and the number
of cells ii) the manufacturing cost of a battery pack as a function of five different design-decision
variables: cathode coating thickness, number of bicell-layers, cathode width, number of cells per
module, and number of modules per pack, and iii) an optimization model for the cost minimizing
battery pack design for different EV applications. The first two models serve as inputs to the third
model. Powertrain Systems Analysis Toolkit (PSAT) was used to estimate the energy and power
requirements from a set of 5 vehicles (PHEVs 10, 20, 40, 60, and a BEV100). The optimal value of
specific cost for the different applications was plotted as a function of the power-to-energy ratio of
the battery pack and a meta-model was developed. The model is in agreement with what has been
reported in the literature. However, with this study, the design variables and how they affect the
optimal cost has also been reported. The specific cost of manufacturing of the cost minimizing
battery pack designs for these different applications was seen to be between $470/kWh for the
PHEV10 and $235/kWh for the BEV100. The cost and power estimates from these have been
compared to existing literature as a validation. Results indicate that higher capacity cells
manufactured using higher electrode coating thicknesses can positively impact the reduction of Li-
ion battery cost.

Chapter 4 reports the results and analysis from a set of ten elicitations was executed over the course
of three months that involved twelve different experts from the battery industry (battery

18akti, A., Michalek, J.J., Chun, S-E., Whitacre, J.F., 2013, A validation study of lithium-ion cell constant c-rate discharge
simulation with Battery Design Studio®, Int. J. of Energy Research, 37(12), Pp. 1562-68.

2Sakti, A., Michalek, J.J., Fuchs, E.R.H., Whitacre, J.F. 2014, A techno-economic analysis of lithium-ion batteries for
personal vehicle electrification, work in progress

3 Sakti, A., Azevedo, 1., Fuchs, E.R.H., Michalek, J.J., Gallagher, K., Whitacre, J.F. 2014, An elicitation of expert
assessments of current and future lithium-ion battery cell and pack costs, and designs for personal vehicle electrification,

work in progress.
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manufacturers, suppliers, and car OEMs), and consulting firms. With the manner in which the
elicitation protocol was structured, initially the experts were free to assume any battery design that,
according to them, will result in the cheapest cost battery pack in 2013 and 2018. Costs were elicited
at the cell level ($/kWh), pack level (§/kWh), and for the battery management system (BMS) and
thermal management system (TMS) contribution to the pack ($/pack). Subsequently, two different
battery pack designs were specified. These designs were based on available information on two
existing battery pack designs currently in use in EVs commercially available: Ford C-Max Energi and
Nissan Leaf. Designl was similar to the battery pack in Ford C-Max Energi while Design2 that of the
Nissan Leaf. Specifying the design did not seem to alter the cost estimates by the experts since they
borrowed cost values from when they were able to assume any design. Design specific information
was elicited and the experts were unanimous in their response that there will not be any
technological breakthroughs by 2018. Improvements will be incremental with respect to the active
materials and there may also be a push in the industry towards higher capacity cells and cells using
higher electrode coating thicknesses.

The significance of each individual study has been discussed separately in each chapter. Collectively
this Ph.D. dissertation contributes by investigating the role of some key battery pack design variables
and how they affect the cost and performance of that specific design. The information on the
tradeoffs was then used to design the most cost-effective Li-ion battery pack for select EV
applications. Testing of actual EV cells in the laboratory prior to using the performance model and
elicitation of experts for information specific to the design and cost of Li-ion battery packs helped
ground the findings of the study. The validation of Battery Design Studio™ (BDS) using actual
battery cells as well as an elicitation involving experts from the battery industry, car manufacturers,
and consultants on design and cost specific information was non existent in the literature.



2. A validation study of Li-ion cell constant C-rate discharge simulation using
Battery Design Studio®'

21 Background

Existing battery modeling and simulation literature includes work on the general energy balance of a
battery system [1], the heat generation rate using the energy balance model [2], electrochemical-
thermal modeling and experimental validation [3], and the simulation and optimization of lithium-
ion battery systems [4] amongst others that involve detailed calculations for the internal
electrochemical processes using physics-based models [5-9]. Models that avoid such detail and use
approximations to represent a battery system with an equivalent circuit have also been developed
and have been shown to match well with manufacturer’s data [10] or, predict cell performance with
accuracy [11]. However, in an equivalent circuit model, where common electrical components like
resistors and capacitors are used to represent a battery system, the key elements of battery
functionality that are related to ionic diffusion are very difficult to capture since modeling options
there involve the use of multiple Warburg diffusion terms. The BDS battery simulation software
provides versatility by allowing users to select from a set of battery system simulation models (which
include both detailed physics based models as well as equivalent circuit ones) and run simulations
through a graphical user interface. For this study, the model used is based on the same system of six
coupled and non-linear discretized partial differential equations in the full system model described
by Fuller et al. [4]°, with time and space as the independent variables. Fuller et al. linearized and
solved the equations using the BAND solver with the Crank-Nicholson implicit method to evaluate
time derivatives [4]. The BAND solver, developed by Newman, uses tridiagonally banded matrices
together with the Newton-Raphson method to solve finite difference representations of ordinary
differential equations [12]. However, BDS uses a pentadiagonal BAND solver instead and
implements more efficient data structures by saving only solid-phase concentrations at each time
step. Cell temperature is determined from the overall energy balance calculations using the equations
for insertion battery systems developed by Rao and Newman [2].

We aim to assess whether BDS is able to produce battery performance data that can be directly
matched to Li-ion cells acquired on the open market. The main motivation behind this work is that a
techno-economic optimization of lithium-ion battery packs for different electrified vehicles is
currently in progress in which BDS is being used to predict the performance of the battery packs
and this study was intended to ensure that the results from BDS are accurate enough to the extent of
our economic modeling. To our knowledge, prior peer-reviewed validation work on BDS exists only
for primary lithium ion coin cells in a study by Yeduvaka et al. [13]. Yeduvaka e a/. discretized
discharge curves obtained from manufacturer’s data sheets (Sony, Panasonic, Gold Peak, Varta and
Maxell) at different loads and temperatures and adjusted several cell parameters using BDS’s built-in
parameter estimation (optimization) feature to fit the discretized data. Yeduvaka ¢f a/. used Gering’s
AEM approach to estimate the electrolyte properties [14]. With the estimated parameters Yeduvaka
et al. reported that the BDS model simulations match the discharge voltage behavior from the

! Published version of the peer-reviewed paper: Sakti, A., Michalek, J.J., Chun, S-E., Whitacre, J.F., 2013, A validation
study of lithium-ion cell constant c-rate discharge simulation with Battery Design Studio®, Int. J. of Energy Research,
37(12), Pp. 1562-68.

2 The Distributed model was also used to simulate the cells at a later stage and the results were found to be the same.



manufacturet’s data sheet "fairly well" with greater discrepancies at higher positive electrode
thicknesses (3.457mm, Panasonic CR2354 and 1.8mm, Sony CR2032) and at temperatures less than
-10°C. Yeduvaka ez a/. do not provide any metric to quantify the accuracy of their comparisons, but
examining their data we find a discrepancy of around 10% between the BDS and the manufacturer’s
data sheet discharge curves at 23°C for the Sony CR2032 cell by integrating the area under the
curves using the trapezoidal rule. Yeduvaka e a/. suggested that this discrepancy between the actual
and modeled data may be due to a difference in the assumed and actual electrolyte formulation.
However, in their study, Yeduvaka ez 2/ did not test the cells for their discharge performance in the
laboratory. We expand on this prior work by testing vehicle-relevant secondary lithium ion cells of
LiNiCoMn/graphite chemistry with cylindrical form factor in the laboratory and then comparing the
results with the manufacturer’s data sheet and the BDS simulations. We quantify the accuracy of the
discharge curves, keeping in mind vehicle-relevant state-of-charge swings to determine the suitability
of BDS for such modeling work.

2.2 Materials and Methods

To test the veracity of BDS, we compare battery discharge performance data (in the format of cell
potential vs. discharged capacity at various current loadings) of a set of spirally wound 18650 cells
with a LiNi, ;;Mn, 33C0,5;0, cathode active material chemistry' and 2 minimum nominal capacity of
2.05Ah that were procured from Sanyo. The intended use of these cells, as listed by Sanyo, included
electric vehicles [15] and could be implemented in the approach espoused by Tesla Motors Inc.,
where a large number of 18650 cells are connected in parallel and series to make a large format
automotive pack. Data used to inform the comparisons were obtained from three sources: i) lab
tests performed on the cells, if) the manufacturer’s specification sheet, and iii) results from the BDS
simulations. The co-ordinates of several points on the manufacturer’s discharge curve specifications
were read and used to approximate the manufacturer’s discharge curve. The flow diagram shown in
Figure 2- 1 indicates the entire process.

Procurement of C-rate tests in
Cells the laboratory
Validation of

the BDS
simulation

Data used to C-rate
simulate identical simulations
cells in BDS using BDS

software
(Dual and
Distributed

models)

Performance data from the cell manufacturer’s
specification sheet at different C-rates

Figure 2- 1: Flow diagram showing the methodology used in the validation study comparing three different data sources
to verify Battery Design Studio®. The Dual and Distributed IET (curtent, potential and temperature) models were used.

1'Two more chemistries with the following cathode active materials: LiFePO, and LiMnNi were also tested and verified
in the laboratory, although not as rigorously as the chemistry reported in the published version of the paper
(LiNio 33Mn0,33C003302). For more information, please see Appendix B.



The performance of the Sanyo LiNiCoMn cells was then tested in the laboratory under different C-
rate discharges using an Arbin BT2000 test stand. For the sake of comparison, C-rates were chosen
based on the discharge curves provided by the manufacturer in their specification sheet. Sample cells
were then disassembled in the laboratory, and the following parameters were measured and used as
BDS input: electrode thickness and length, active material density, collector thickness, separator
length and thickness, jellyroll weight, height and diameter, and cell weight. The exact chemistry of
the cathode active material was determined using an X-ray diffractometer (X’Pert Pro MPD for
powder samples) and the peaks correspond to those seen for LiNi, ;;Co, 53Mn, 5,0, [16] as shown in
Figure 2- 2. Electrode structure and morphology in the electrode samples was estimated with the aid
of scanning electron microscopy (SEM) (Philips, X1.30). Plan-view SEM micrographs, shown in
Figure 3, were obtained for the electrode samples and the average particle radius calculated. Table 2-
1 summarizes the measured and calculated parameters for the cell. The density of

LiNi, 33Co, 35Mn, 5,0, was calculated using the lattice dimensions reported by MacNeil et al. [17] and
was found to be approximately 4.7g/cm’. The measured value of the coating density for the
cathode, which included the binder and the conductivity aid, was found to be 3.0 g/cm’. In the case
of the anode, a coat density of 1.9 g/cm’ was measured and the default graphite density of
2.25g/cm’ was assumed, which is similar to what has been reported elsewhere in the literature [18].
Other assumptions made while simulating the cells in BDS are shown in Table 2- 2 and elaborated
in the next section. The simulated cell was then subjected to the same C-rate discharge tests in BDS.
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Figure 2- 2: X-ray diffraction data collected from the cathode material has been shown in (i). X-ray diffraction data of
LiNio33C00.33Mn03302 adapted from that reported by Yabuuchi and Obzuku [16] has been shown in (ii). The peaks
match up indicating that the cathode active material is LiNio 33C00.33Mno3302.



Figure 2- 3: SEM micrographs of the cathode (left) and anode, used to estimate particle size.

2.3  Assumptions

Wherever possible, the parameters measured from the dissected cells were used as direct inputs in
BDS. However, where data were not available reasonable assumptions were made. This is justifiable
because many of the assumed values are common in the industry. For the density of the electrode
active material, the mass fractions of the conductive additive and the binder along with the porosity
fraction were varied in BDS within their usual ranges to identify plausible combinations that match
the density values calculated from dissecting the physical cells in the laboratory. Both density and
porosity estimates are consistent with simple analyses performed on the SEM data presented in
Figure 2- 3. The electrolyte was assumed to be LiPF, dissolved in equal weight fractions of ethylene
carbonate and ethyl methyl carbonate, a common blend used widely [19]. The separator was
assumed to be polypropylene with a porosity of 40%, an average value of porosity of separators
available commercially [20]. The equilibrium cell potential curve along with all other parameters
including the diffusion coefficient, resistivity, reaction rate constant, theoretical specific capacity,
tortuosity, conductivity of the active materials (listed in Table 2- 2) were values available in the BDS
data base, which is updated frequently. The equilibrium cell potential curves have been shown in
Figure 2- 4. The equilibrium cell potential curve of LiNi, ;;Co,3;Mn, 3;0, was seen to be in general
agreement with what has been reported in the literature for Li[Ni,Co, , Mn ]O, (0=x<1/2) [17]. The
theoretical capacity of LiNi,;;Co,;;Mn, ;;0,in the voltage range of 3-4.2V was found to be around
120mAh/g which is within the range of 110-130mAh/g reported by MacNeil ez a/. for Li[Ni,Co,_
,Mn O, (0=x=<1/2) [17].
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Figure 2- 4: Equilibrium potential cutves used in Battery Design Studio® for the LiNio33C00.33Mn0.3302/LiCs system.

Table 2- 1: Measured and calculated parameters from the Sanyo LiNiCoMn cell after dissecting them in the laboratory

Cell
Weight (g) £2/-1)
Jellyroll
Height (cm) 5.6 (+/-0.1)
Length (cm) 78.7 (+/-0.1)
Separator
Length (cm) 162 (+/-1)
Thickness (mm) 0.015 ((+/- 0.001)
Electrodes Cathode Anode

Chemistry (cathode from LiNio33C0033Mno.  graphite
Active material density 4.7 -*

Single side coat thickness 0.15 (+/-0.01) 0.14 (+/-0.01)
Collector thickness (Al) 0.014 (+/-0.001)  0.016 (+/-
Coat density (g/cm?) 3.0 (+/-0.1) 1.9 (+/-0.1)
Particle radius from SEM  0.98 (+/- 0.05) 7.78 (+/- 0.05)

*The default density value of 2.25g/cm? was assumed, which was found to be similar to what has been reported
elsewhere in the literature [16]




Table 2- 2: Assumptions made for different parameters while simulating the cells using BDS

Electrode Parameters Cathode  Anode
Mass fraction active material 0.84 0.96
Mass fraction binder (ethylene-propylene copolymer) 0.03 0.015
Mass fraction of conductive aid (graphite) 0.13 0.025
Porosity fraction 0.195 0.17
Active material diffusion coefficient (solid) (cm?/s at 25°C) 3E-11 6.74E-11
Active material lithium site concentration before formation 275 370
Resistivity (Qm2at 25°C) 6E-3 0.5
Reaction rate constant (mA/cm?) 1.08E2 2.02E-01
Electrode conductivity (S/cm) 100 100
Tortuosity (Bruggemann Exp) 1.25 1.9

Other Parameters
Initial salt concentration, LiPFs in EC:EMC (M) 1.0
Electrolyte density (g/cm?) 1.25
Separator matetial (polypropylene) density (g/cm?) 0.65
Aluminum density (g/cm?3) 2.7
Copper density (g/cm?) 8.9

2.4 Results and Discussion

The comparison of the constant current discharge profiles for the cell is shown in Figure 2- 5. The
results from the laboratory match closely with the results from the manufacturer’s specification
sheet, and the results from the BDS simulations predict somewhat higher voltage over most of the
range, particularly when mostly discharged. Table 2- 4 summarizes the difference between delivered
energy and delivered capacity measured using BDS, laboratory tests, and the manufacturer
specification sheet. Delivered energy in the case of the manufacturer’s specification sheet was
computed by calculating the area under each of the curves using the trapezoidal rule by selecting
points at most 0.1Ah apart. In the case of the BDS simulations, reporting parameters of 10s and
0.1V were selected, leading to results with a resolution within 0.01Ah'. Laboratory results using the
Arbin BT2000 test stand reported values using a much higher resolution. The cell simulations
predicted capacity and energy within 4.3% of manufacturer specification and within 6.5% of lab
tests. Average discrepancies for the cell simulations are substantially lower.

The discharge profiles were also compared under a reduced 60% state of charge (SoC) window. This
was done to simulate similar conditions encountered in some battery applications, such as vehicle
applications (e.g.: the Chevy Volt battery pack operates within a 65% SoC window [21]). In this case,
the magnitude of this SoC swing (in Ah) was calculated based on the measured or modeled total
capacity value for each case (Figure 2- 5). The curves were then compared between the 30%-90%
SoC window for the energy and capacity delivered. BDS results match more closely within the 60%
SoC. The cell simulations predicted energy and capacity values within 1.6% of manufacturer
specification and within 2.8% of lab tests. Again, average discrepancies for the cell simulations are
substantially lower. The average and maximum difference in the voltage between the discharge
curves from the manufacturer’s specification sheet and the lab results vs. the BDS simulation results
within this SoC window were also calculated (Table 2- 4). The maximum difference is within 0.08V
of manufacturer specification and 0.09V of lab results. Average voltage discrepancies are lowet.

1 Simulations with a tighter resolution of 0.5s produced similar energy and capacity results within 0.2%, and tests with a
more coarse resolution of 1min produced results within 0.1%.
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Figure 2- 5: (a-d) shows the comparison of the discharge curves at different C-rate discharges for Sanyo LiNiCoMn
cells!, while (e-h) show the same discharge curves plotted with respect to their state-of-charge (SoC). The 60% SoC
window considered in the study has been shown with two vertical lines. The discharge C-rates and the corresponding
currents have been specified for each. The discharge rates were selected based on information in the manufacturer’s data
sheets to facilitate the comparison.

1 Please see Appendix B for the results of the other two chemistries: LiFePO4 and LiMnNi



Table 2- 3: The total delivered energy (Wh), calculated by integrating the discharge curve, along with the capacity (Ah)
values as shown in Figure 2. The percent difference of the values with respect to the BDS simulation results has been
indicated in parenthesis.

BDS Simulation Manufacturet’s Laboratory Results
Results Specification Sheet Y

Discharge Rate Capacity ~ Energy  Capacity Energy Capacity Energy
(Cutrent) (Ah) (Wh) (Ah) (Wh) (Ah) (Wh)
C/5 (0.41A) 2.11 7.89 2.13 (0.9) 7.89 (0.0) 2.09 (-0.9)  7.75 (-1.8)
C/2 (1.03A) 2.10 7.81 213 (1.4) 7.80(-0.1) 2.05(24) 7.53(-3.6)
1C (2.05A) 2.09 7.68 2.04 (-24) 7.35(-4.3) 2.02(-3.3) 7.26(-5.5)
2C (4.1A) 2.08 7.41 2.03 (-24) 7.13(-3.8) 1.98 (-4.8)  6.93 (-6.5)

Table 2- 4: The total delivered energy (Wh), calculated by integrating the discharge curve, along with the capacity (Ah)
values for a 60% state of charge window as shown in Figure 3. The percent difference of the values with respect to the
BDS simulation results is indicated in parenthesis. The average difference in voltage within the state-of-charge (SoC)
window has also been listed along with the maximum voltage difference in parenthesis.

BDS Simulation Manufacturer’s Specification Lab . Result
Results Sheet aboratory Besults
RD;izharge Capacity  Energy | Capacity Energy Avg. (Max) | Capacity Energy Avg. (Max)
(Current) (Ah) (Wh) (Ah) (Wh) V diff. (V) (Ah) (Wh) V diff. (V)
C/5 1.26 479 1.28 4.80 -0.03 1.26 4.72 -0.04
(0.41A) ’ ’ (1.6) 0.2) (-0.05) 0.0 (-1.5) (-0.05)
C/2 1.26 475 1.28 4.76 -0.03 1.26 4.66 -0.05
(1.03A) ’ ’ (1.6) 0.2) (-0.05) 0.0 (-1.9) (-0.07)
1.28 4.66 -0.06 1.26 4.58 -0.06
1€ 2054) 1.26 469 (1.6) (-0.6) (-0.08) 0.0 (-2.3) (-0.09)
1.28 4.54 -0.07 1.26 4.44 -0.09
2C (414) 1.26 457 (1.6) (-0.7) (-0.07) (0.0 (-2.8) (-0.08)
2.5 Conclusion

The energy and capacity calculated from constant C-rate discharge curves simulated using Battery
Design Studio® for the Sanyo LiNiCoMn cells were found to be within 6.5% and 4.8% of
laboratory data for a full discharge, respectively, and within 2.8% and an exact match of laboratory
data for a 60% state of charge window, respectively. Average discrepancies are substantially lower
and are comparable to discrepancies between laboratory tests and manufacturer specifications.
Results indicate that relatively accurate performance predictions are possible using BDS if
appropriate parameters are used. Furthermore, by showing agreement between actual data and
modeled performance through a range of discharge currents, we provide evidence that this model is
able to accurately represent key elements of battery functionality that are related to ionic diffusion
through the system.

2.6 Limitations

We examine only constant C-rate discharge at room temperature and do not explicitly test charging,
variable rate discharge, or elevated temperature. Due to the unavailability of higher C-rate discharge
10



performance from the manufacturer, the C-rates chosen for the discharges were also lower than
what is likely to be encountered in electrified vehicle applications. We also use assumed default
values for several unknown cell parameters, such as the diffusion coefficient, resistivity, reaction rate
constant, tortuosity, and conductivity of the active materials. Model fit might be expected to
improve if precise measurements of these parameters were used.
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3. A techno-economic analysis of Li-ion batteries for personal vehicle
electrification’

3.1 Background

Electrified vehicles (EVs), like plug-in hybrid electric vehicles (PHEVSs) and battery electric vehicles
(BEVs), offer the potential to greatly reduce the gasoline consumption by the US transportation
sector [1] which in 2012 was about 366 million gallons per day accounting for 66% of all energy used
in transportation and 47% of all petroleum consumption [2]. When electricity is generated from low
carbon sources, especially nuclear or renewable energy, electrified vehicles can also contribute to
reducing greenhouse gas (GHG) emissions from the transportation sector [3]. The cost of Li-ion
batteries is the single largest barrier to mainstream adoption of plug-in vehicles, including plug-in
hybrid electric vehicles (PHEVS) that use a mix of gasoline and electricity and battery electric
vehicles (BEVs) that use electricity only [4-6]. Mainstream adoption of alternative powertrain
technologies is necessary to achieve substantial displacement of US petroleum consumption and
reduction in air emissions like greenhouse gasses. Thus, battery cost is key to addressing oil
dependency and global warming in the United States. The overarching goal of this paper is to
investigate the role of certain key design decision variables on the cost and performance of Li-ion
batteries. This is done by first characterizing the tradeoffs in battery design and subsequently using
this knowledge in assessing technical and economic implications of these design trade-offs for EVs.
The goal is to inform automakers, policymakers, and the general public about the above-described
results.

Often studies on the adoption and emissions reduction potential of plug-in vehicles treat Li-ion
batteries as though they are all the same, with a single estimate of cost per kWh of storage [3-4,7]. In
practice, Li-ion technology encompasses a wide range of alternative chemistries (e.g.: LiMn,O,,
LiFePO,, LiNi, ;;Mn, 1;Co, 5, etc.), electrode designs (thin/thick), packaging alternatives (prismatic,
jellyroll, etc.), and capacities of the individual cells (Ah) that make up the pack. Each of the potential
combinations of these alternatives has different performance, cost, weight, volumetric, thermal, and
degradation characteristics that interact with the constraints and needs in the design of a vehicle
powertrain system. For example short-range PHEVs require higher-power cells, with implications
for cost, weight, and life. Figure 3- 1 summarizes most of the existing cost estimates with
breakdowns at the cell, module and pack level, wherever available for different vehicular
applications. Some key assumptions and considerations of the studies reported in Figure 3- 1 have
been listed in Table 3- 1. The scatter with respect to different types of EVs and sources is apparent
as well as their expected decrease over time. Because the cost of Li-ion batteries is so critical, a
careful and detailed assessment of battery design and system integration tradeoffs is needed to assess
the potential of emerging battery and vehicle systems to successfully displace petroleum and reduce
emissions.

In this piece of work, we investigate a set of different design decision variables. Battery Design
Studio™ was used to predict the performance of the Li-ion battery packs of different designs. A
process based cost model (PBCM) for the Li-ion battery pack manufacturing process was developed

1 Sakti, A., Michalek, J.J., Fuchs, E.R.H., Whitacre, J.F. 2014, A techno-economic analysis of lithium-ion batteries for
personal vehicle electrification, work in progress
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Type of vehicle, source of estimate and publication year

Values adjusted to 2013 dollars

Cell-level ®Module-level BPack-level
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Year for which cost is estimated

Summary of available cost estimates of lithium-ion batteties for different vehiculatr applications. The costs were assumed to be at the pack-level for the

nameplate capacity unless otherwise specified in the reports. Wherever ranges were specified, error bars have been used to show the upper and the lower bounds. For

Figure 3-1

reports with ranges, unless the most probable cost estimate was specified, the average of the lower and the upper cost estimates has been shown as the base estimate.

In the case of McKinsey, the estimates were for the price, which included margins that the automakers could pay. Prices have been shown using the red and white

striped columns. Estimated battety cost estimates for the Chevy Volt (PHEV 25-50) and a Nissan Leaf (BEV ~75), in 2012, has also been shown [8-21]. All cost

estimates have been adjusted to 2013 dollars using GDP deflators for the US [22].
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to estimate the cost of the different Li-ion battery pack designs investigated. The design tradeoffs
with respect to the performance of the battery pack and its cost was investigated and the least cost

battery pack design that is able to meet the performance requirements was estimated for a handful
of different EVs.

3.2 Overarching Goal and Scope

The objectives of this research are to characterize tradeoffs in battery design with respect to cost,
power density, energy density, and performance and to then use this knowledge in assessing
economic implications for electrified vehicle systems and informing public policy.

The aim of this work is to identify the most cost effective battery packs for application in various
types of EVs based on their energy and power requirements over the lifetime of the vehicle at the
systems level and understand the key factors driving cost and the effect of different vehicle
requirements on battery design and the resulting costs. A key parameter that controls the energy and
the power capability of the battery pack is the electrode thickness of the individual cells that make
up the battery pack. The thickness of the electrode also has a direct impact on the cost of the cell,
with thinner electrode cells costing significantly more than ones with thicker electrodes. Thinner
electrode cells have a higher power-to-energy ratio capability as compared to those with thicker
electrodes. As such, thinner electrode cells are better at handling transient storage of energy because
of their higher rate (of charge/discharge) capability (useful for PHEVs with a lower AER) while
thicker cell electrodes can store more energy but do not perform as well at higher power levels and
are hence more suited to provide for higher levels of energy storage in applications like BEVs or
PHEVs with higher AER [23-24]. This is because for applications like a PHEV with a low AER, like
a PHEV10, the power requirement is divided over a lower capacity battery pack and so the power-
to-energy requirement from each individual cell is higher compared to a vehicle that has a larger
battery pack, like a BEV100, where the power-to-energy ratio will be much lower. So the optimum
thickness of the cell electrode for any EV application is a design decision variable that can be used
to improve the overall cost of the vehicle’s battery pack. Table 3- 2 summarizes the attributes
discussed above of thin and thick electrode cells.

Table 3- 2: Summary of the key differences between battery packs made of cells with thin electrode and thick electrodes

Thinner electrode battery pack | Thicker electrode battery pack

(higher power-to-energy ratio) (lower power-to-energy ratio)
Cost per kWh Higher Lower
Typical application | Transient energy storage/higher Higher energy storage
suitability power (HEV, PHEV20 etc) (PHEVG0 or BEV)

Our hypothesis is that application-specific battery pack design and integration for different vehicular
applications (taking into account the power and energy requirements for that application) can help in
bringing down the corresponding battery cost for the application reported in the literature and in
changing the relative economics of different vehicle designs. An application specific design will
highlight the design changes that lead to the different and optimal specific battery costs ($/kWh).
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To test this hypothesis, we divide our work into two parts for the techno-economic analysis. In Part
I, we describe the two models that we build as first steps towards reliably estimating the cost and
performance of different battery packs as a function of their design. Subsequently in Part II, we
describe how the two models were applied to a handful of EVs to estimate the optimal least cost
battery pack design for each EV.

Part I: Li-ion battery pack cost and performance models

3.3 Methodology

Two separate models: one to estimate the cost to manufacture a Li-ion battery pack of a particular
design, and the other to estimate the maximum power (in kW) that the battery pack is able to deliver
for at least 10 seconds have been built.

Li-ion battery manufacturing involves multiple process steps. The process steps involved in Li-ion
battery manufacturing have been listed in Appendix B. A process based cost model (PBCM) [25-28]
simulates production operations in a manufacturing plant, using data at the individual machine level
for each of the process steps collected from publications and consultation with experts in industry,
academia, and government. Benefits of such a model include providing flexibility to vary the
different parameters involved in the manufacturing process steps. Inputs such as main machine and
installation cost, equipment processing rate, fractional use of labor, process step yield, batch size,
cycle time, unplanned downtime are specific to each process step. We adopt information on
equipment cost and their processing rates for most of the process steps from Argonne National
Laboratory’s Li-ion battery cost and performance model, BatPaC [28]. BatPaC is the only other
bottom-up cost model, currently available in the literature. Material requirements to build a Li-ion
battery pack of a certain design were also calculated using the equations listed in [29].

The Li-ion battery simulation software BDS, which was validated previously, was used to simulate
the hybrid pulse power characterization (HPPC) test on a set of 48 cells that varied in the cathode
chemistry, the thickness of the electrode coatings, and the cell capacity. The HPPC test procedure
has been defined by the United States Advanced Battery Consortium (USABC), is used to test the
dynamic power capability of a battery pack for a given device and consists of both discharge and
charging current pulses [30]. The HPPC test result gives the 10-second discharge-pulse and regen-
pulse power capability of the battery-pack at 10% depth-of-discharge (DoD) increments [30]. The
goal with this test is to determine the pulse power capability of a battery pack at the minimum
allowable SoC value.

In the following segments, we first describe ANL’s Li-ion battery cost and performance modeling
tool, BatPaC and how the cost-model presented in this study builds up on it. Subsequently, we
discuss the use of BDS to estimate the 10-second discharge power capability of the different battery
pack designs.

3.4 Battery performance and cost estimation using ANL’s BatPaC

Amongst the existing Li-ion battery pack cost modeling tools, BatPaC developed by Argonne

National Laboratory [28] is the most notable. It is a bottom-up cost model that integrates both

battery performance and cost. The model integrates both the design of batteries (for specific powert,
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energy and type of vehicle) and the cost of designed battery. Each step of the manufacturing process
is accounted for in the model. The architecture of the model relies on using known numbers (cost or
usage) for equipment, labor and plant floor-space for each step of the manufacturing process for an
annual production volume of 100,000 battery-packs and estimates the cost for different annual
production volumes from those known values, using the following formula:

C=C.(R/R.)

where, C.1is the cost of the installed equipment or the usage of labor and plant floot-space for the
baseline processing rate of R, associated with the baseline production volume of 100,000 packs per
year. C is the new cost or usage value associated with the new processing rate R. p is the power
factor used to scale the cost for that processing step. p values are generally around 0.4-0.5 for labor

and relatively higher at 0.6-0.8 for plant floor-space and the cost of capital equipment. For a full
description of the ANL BatPaC model please see Appendix E.

Limitations of BatPaC

BatPaC is versatile allowing the user to change all aspects of it. However, the model is limited in the
following aspects:

1. With different annual production volumes for the battery-packs, the model does not
provide enough detail to show at what production volume additional investment for
equipment will be necessary and with that investment what will be the optimum production
volume.

2. The model does not account for the time value of money while accounting for the
investment necessary for the equipment and building.

The cost model presented in this study uses the data used in BatPaC and uses it to build an actual
process based cost model (PBCM). This addresses the first limitation mentioned above. The PBCM
also uses a discount rate to account for the time value of money.

BatPaC considers one overall yield for the manufactured cells and does not take into account the
yields of individual process steps. The model also does not account for the variation of yield losses
that one may encounter when manufacturing cells of a lower capacity which will require the stacking
of a lower number of bicell-layers as compared to a higher capacity cell with higher number of
bicell-layers. Similarly, the model does not take into account the difference in yield losses associated
with manufacturing thinner electrodes as opposed to thicker electrodes. While, in the base case of
the PBCM, we consider one overall yield for all cell designs, we investigate an additional scenario to
test the difference in manufacturing yield losses associated with lower capacity cells as opposed to
higher capacity cells and with thinner vs. thicker electrode coating thicknesses. This has been
explained in more detail in the following segment.
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3.5 Li-ion cell and pack manufacturing process based cost model (PBCM) architecture

A process based cost model as described in other literature [25-28] uses process data to estimate the
resource requirements which include capital, labor, materials, and energy to meet production targets,
which include both acceptable and unacceptable units. These requirements are then used to
calculate the cost of production of an acceptable unit. The aggregate cost of an acceptable unit as
described elsewhere in the literature [27] is given by:

Cror = ;C;\ ! 0
CAU — CALL / XP_VOL
(04 [ (2)

AU . . . AU .
CTOT is the annual total cost of production per acceptable unit, C is the annual cost of an

element @ where & € {materials, labor, equipment, tooling, building, and overhead}, and X VoL i
the annual production volume of acceptable units.

The requirement for each element is calculated taking into account the yield of each process step,
which is incorporated using the following formula for the effective production volume

YEVOL _ yPVOL y 3)
XjEfVOL _ Xil:i:lVOL 1Y, Vie[l,.., n-1] @

where X f*VOL is the effective production volume required from the nth process step with a step

yield of Y, in order to result in the production volume, X """, of good and acceptable parts after

E_VOL .
XF

the nth process step. Thus, the effective production volume from each process step 4, is

calculated using Equation 4 where X i}VOL is the effective production volume for the process step

#+1 and Y, is the yield of the process step 7 For more information on the cost model architecture

please refer to Fuchs et al. [27].

A sample workspace for one of the process steps (shipping) has been shown in Table 3- 3 listing the
inputs (shaded boxes) and the calculations associated for the process step. In this case, X" from
Equation (3) above is set at 20,000 battery packs, Y, is set at 100% and so X f—VOL is equal to X"V
. The production volumes for the steps preceding the shipping step are subsequently calculated
using Equation 4.

ANL’s BatPaC lists the requirements for main machine and installation costs to manufacture
100,000 NCA-G packs. Each pack is 8.7kWh. Process steps for which information on the price of
the machines is only available for the given annual production volume without details about the
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processing rate per machine is considered as #ndedicated. When a process step is considered wndedicated
the number of machines is a real number (unlike an integer for when there is enough information to
consider the machines to be dedicated) representing the ratio by which the main machine and
installation cost (based on available information for a given annual production volume) needs to be
scaled to estimate the cost for the annual production volume of interest. In Table 3- 3 below,
which shows the sample workspace for the process step of shipping; information from ANL’s
BatPaC is adopted for the main machine and installation cost for 100,000 battery packs at $5 million.
The available line-time is calculated for a year using the unplanned downtime of 5% and the
processing rate (seconds per kWh) was calculated accordingly. Subsequently, the line-time required
for the annual production volume of interest (85,586kWh) is calculated. The ratio of the required
line-time to the available line-time is the required number of machines (0.12). For more information
on the PBCM inputs, please see Appendix D. The exogenous inputs that are not process step
specific but are applied across the entire production process steps have been listed in Table 3- 4.
These assumptions were used to calculate some of the different fixed and variable cost components
like energy, maintenance, auxiliary equipment etc.

Table 3- 3: Sample inputs and calculation workspace for a single process step (shipping) in the process based cost
model. The inputs have been shown in shaded boxes.

Step 19: Shipping

Variable Cost $/year $/battery pack $/kWh Percent
Material Cost 0 0 0 0%

Labor Cost 84,241 4.21 0.98 25%
Energy Cost 2,527 0.13 0.03 1%

Total Variable Cost 86,768 4.34 1.01 26%

Fixed Cost $/year $/battery pack $/kWh Percent Investment
Main Machine and Installation Cost 123,344 6 1.44 37% 740,062
Building Cost 34,073 2 0.40 10% 681,465
Auxiliaty Equipment Cost 12,334.37 1 0.14 4% 12,334
Maintenance Cost 12,334.37 1 0.14 4% 12,334
Fixed Overhead 63,729.99 3 0.74 19% 63,730

Total Fixed Cost 245,816 12 2.87 74% 1,509,926

Total Cost 332,583 17 4 100%

UNDEDICATED

Related Variables
Volumes and Times

Annual Production Volume 20,000 packs/year
Effective Production Volume 20,000 packs/year
Effective Production Volume 85,586 kWh
Unplanned Downtime 5%

Line Time Available 21,546,000 secs
Line Time Required 2,546,364 secs
Machines Required 0.12

Equipment
Main Machine and Installation Cost 5,000,000 $
Processing Rate 30 secs/kWh

Labor
Fractional Use of Labor 6

Material
Process Step Yield 100%
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Table 3- 4: Exogenous inputs

Input Base Units
Facility wide operating
Working days/year 300 days/year
No shifts 0 hrs/day
Unpaid breaks 2 hrs/day
Paid breaks 1 hrs/day
Price of building space 3,000 $/m”"2
Direct wage, with benefits 18 $/hr
Discount rate 10 %
Factor lifetimes
Capital recovery period 6 yrs
Building recovery period 20 yts
Facility wide additional costs
Auxiliary equipment 10 % of main machine cost
Maintenance 10 % of main machine cost
Fixed overhead 35 % of other fixed costs
Energy cost (electricity) 3 % of material and labor costs

Decision Variables and model parameters

The PBCM was built with the following decision variables to define the battery pack: chemistry, the
thickness of the cathode coating on one side of the electrode, the number of bicell-layers in a cell,
the width of the cathode, the number of cells in a module, and the number of modules in a pack.
Please see Appendix B for more on the decision variables at the cell level. Mathematically, we have:

PACK C BCL CwW N M
Cior =f(x L i A R

where Crar" is the annual cost of manufacturing a battery pack, x" is the thickness of the cathode

. . . BCL . . . cw . .
coating on a single side of the collector, X is the number of bicell-layers in a cell, X is the width
of the cathode, x" is the number of cells in a module, and x™ is the number of modules in a pack.

These variables along with the others that have been used in the subsequent meta-models have been
listed in Table 3- 5. Model parameters have been listed in Table 3- 6. The material scrap rates and
the overall cell-level yield values for the base case were borrowed from ANL’s BatPaC model and
have also been listed in Table 3- 6. This yield value was considered in the process step of Cell
Stacking (Step # 7 in the manufacturing process). All other process step yield values were
considered to be 100%. The affect of cell design on the yield has been investigated as a separate
scenario. This has been described in further detail in Section 3.7.1 on sensitivity analysis. The aspect
ratio of the cathode was assumed to be 3, following the value considered in BatPaC. Mass-fractions
in the cathode and the anode of the active material are common values used in the industry. For
the base case, an annual production volume of 20,000 packs was assumed to reflect the upper limit a
manufacturer may encounter given present day EV sales. Values used for the sensitivity analysis of
the cost model have been reported in Table 3- 7.
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Table 3- 5: Decision Variables used to completely define the battery pack.

Symbol Description Domain Units
€T Single side cathode coating thickness [25, 200] pm
yBC Number of bicell-layers each cell [5, 645%] -
XV Width of the cathode [50, 250] mm
XN Number of cells in a module [5, 50] -
M Number of modules in a pack (4, 22] -

*upper limit varied to result in cell capacities between 10Ah and 60Ah

Table 3- 6: Model Parameters

Description Base Units
Cell cathode chemistry NMC333-G -
Aspect Ratio of each electrode 3 -

Mass fraction of the active material in

the cathode 0-89 )
Mass fraction of the active material in
0.95 -
the anode
Production volume 20,000 packs/year
Yield rate 95 %
Scrap rates
Positive electrode material (dry) 7.8 %
Negative electrode material (dry) 7.8 %
Positive current collector (Al) 9.8 %
Negative current collector (Cu) 9.8 %
Separators 2 %

3.6 Meta-model for battery pack performance using Battery Design Studio™ simulations

A set of 48 cell designs was simulated using BDS. These cells had varying single side cathode
electrode coating thickness and cell capacities. The single side electrode coating thickness varied
from 25um to 200pm with intervals of 25um and the cell capacities varied from 10Ah up to 60Ah
with 10Ah intervals. The 10-sec maximum power performance was estimated from the BDS
simulations. The results were then used to build a meta-model of the following mathematical form
(using the data-mining software Eureqa):

BDS_HPPC cr _c
P =fx,x7)

®)

where PEP*"Cs the 10-sec maximum power capability of a cell calculated and x© is the capacity of

each cell in the pack in Ah. The capacity of a cell can be calculated from the decision variables listed
in Table 3- 5 using the following formula:
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c_ CW\b _BCL _CT y~AR___ACT SPEC
X _a(x )x x X m.. pcatENMC333 (6)

where, X** is the aspect ratio, mifT is the mass fraction of the active material in the cathode, and is

SPEC
ENMC 333

variables and parameters, please see Appendix A.

the specific capacity of the cathode active material in mAh/g. For a complete list of the

The energy of the battery pack is simply the product of the number of cells in the pack and the
energy of each cell since all the designs considered have serially connected cells. It is also a function

of the cathode chemistry, which determines the average discharge voltage of the cell (VA’:\Z&B ).

Mathematically, we have

PACK _ _N_M_Cy,AVG
E =X XXV s (7

Results from the cost and power performance models have been discussed in the next section.
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3.7 Results and Discussion

Using the process based cost model to calculate the cost of a Li-ion battery pack of a particular
design, and the performance model to determine the power capability of the battery pack, we now
have the tools to design the least cost Li-ion battery pack to meet the energy and power
requirements of any given electrified vehicle application. Figure 3- 2 compares the cost of a
PHEV20 battery-pack design calculated using the PBCM and using ANL’s BatPaC. The cost
estimates have been plotted for the base case scenario along with the best case and the worst case
with varying annual production volumes. The manner in which the three scenarios vary has been
shown in Table 3- 7. Results from the PBCM are lower at lower production volumes compared to
the estimates from ANL’s BatPaC. Results from the PBCM also indicate that economies of scale

with respect to manufacturing costs may be reached at about 30,000 battery packs or about
200MWh.

Battery Pack Design Specification

_ 600 7 : : Energy (kWh) 68
% 500 - { Sakti-et-af.-pessimistic Chemistry NMC333-G
= 400 \ ~.ANL BatPaf Number of.modules 6
S = D R e T e S— Cathode Width (mm) 92
Q : : icell-lav

© % 300 X Spkti et al. aptimistic Bicell-layers 21
S 2200 4o : Number of cells per module 6
5 o pakti e{ al. baj & : Capacity of each cell (Ah) 50.8
= 100 Coating Thicknesses

3 - ‘ ; Cathode (um) 140
© 10 60 110 160 Anode (pm) 133

) Thousands
Annual Production Volume (Packs)

Figure 3- 2: Comparison of the results from BatPaC with the three different scenarios considered in this study for a
battery pack. The battery pack design chosen will meet the requirements of a PHEV20 for a less aggressive driving cycle
like the UDDS (urban dynamometer driving schedule). The requirements were calculated using PSAT. ANL BatPaC’s
base volume of 100,000 packs and Sakti ez a/’s base case of 20,000 packs have been shown with the vertical lines.

Table 3- 7: The three different scenarios considered in the process based cost model.

Scenario
Variable Optimistic Base Pessimistic
Working days/year 360 300 240
Direct Wage (w/benefits) (§/ht) 15 18 25
Price of Building Space ($/m"2) 1600 3000 4000
Discount Rate 6% 10% 14%
Positive Electrode Active Material Price (§/kg) 31 31 53
Negative Electrode Active Material Price ($/kg) 17 19 23
Separator Price (§/m”2) 1 2 2.9
Electrolyte Price ($/liter) 18 21.6 24.5
Scrap rates -25% Table 9 +25%
Yield rate 99 95 90
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The cost breakdown for the base case battery reported in Figure 3- 2 above has been shown in
Figure 3- 3. The cost of materials is seen to be the single largest contributor to the pack-level costs
at 61%. The cost of the active material for the two electrodes comprised more than half of the total-
materials level cost. After the cost of the materials, the cost of equipment was seen to be the most
significant. Labor (listed with “Everything Else”) in the figure was less than 5% of the total pack
level costs. This shows that choosing a manufacturing location based on the labor costs will not
have much of an impact on reducing the cost of the battery pack. Sensitivity analyses to identify the
most significant cost drivers and the top contributors for process step parameters and materials
prices have been shown in Figure 3- 4. For the process step parameters, the pack level
manufacturing cost of the batteries was seen to be most sensitive to the area of dry room control
required while in the case of materials, as expected, it was the price of the positive active material.
The manner in which the lower and upper bound values were chosen for the sensitivity analysis has
been listed in Table 3- 8 and Table 3- 9.

100% Everything Else
16%
Electrolyte
90% 6%
’ 8%
" Separator
80%
" SoC Regulator
70%
" Battery Jacket
60% " Negative Active Material
50% " Positive Active Material
40% " Material Cost
0,
30% ® Main Machine and
Installation Cost
20%
14% Everything Else
10%
" Fixed Overhead
0%

Figure 3- 3: Total and material cost breakdown of the battery pack for the base case listed in Figure 3- 2. An annual
production volume of 20,000 battery packs was assumed.
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Dry Room Control- Processing Rate
Formation Cycling-Batch Size
Battery Pack Assembly (packs/hr)
Positive Electrode Coating- Processing Rate
Negative Electrode Coating- Processing Rate
Battery Pack Assembly-Unplanned Downtime
-4 -2 0 2 4 6

Deviation from base case cost
($/kWh, pack-level)

-30

Positive Electrode Active Material ($/kg)
Separators ($/m*2)
Negative Electrode Active Material ($/kg)
Module SoC regulator/safety monitor ($/cell)
Battery Jacket ($/kg)
Negative Current Collector Foil: Al ($/m”2)

-20  -10 0 10 20 30

Deviation from base case cost
($/kWh, pack-level)

Figure 3- 4: Tornado plot showing the most sensitive process step parameters and material level costs.

40

Table 3- 8: Values considered for the sensitivity analysis of the process step parameters reported in Figure 3- 4.

Process Base

Lower

Upper

Step Parameter Value Bound Bound Notes
ANL’s BatPaC’s base
Dry-room Rate rate: 100m”™2 for an
Control (Air (m”™2/m"2dry  0.03 -25%  +25% i
Locks) room area) operating areas of
3000m”™2
Formation Batch Size From ANL’s BatPaC.
Cucli 1Is/cycler 500 -25% +25%  Each equipment costs
yeang (cells/cycler) about $850K
Processing
Battery pack Rate 6 25%  +25% From ANL’s BatPaC
assembly
(packs/hout)
Positive ~~ Processing 10 25%  +25% From ANL’s BatPaC
electrode coating  Rate (m/min)
Negative ~ Processing 10 25%  +25% From ANL’s BatPaC
electrode coating  Rate
20% unplanned
Battery Pack Unplan.ncd 20% -25% +25%  downtime assumed for
Assembly Downtime

most process steps.
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Table 3- 9: Values considered for the sensitivity analysis of the materials level prices reported in Figure 3- 4.

Base Lower Upper

Value Bound Bound Notes

Material

Positive electrode active material

(NMC333) ($/kg)
Separators ($/m”"2) 2 1 2.9 From ANL’s BatPaC
Negative electrode active material

31 31 53 From ANL’s BatPaC

(Graphite) ($/kg) 19 17 23 From ANL’s BatPaC
Mod}lle SoC regulators and safety 95 250 +25% i
monitors (§/cell)

Battery Jacket ($/kg) 7 -25% +25% -
Negative cutrent collector foil (§/m”2) 1.8 -25% +25% -

With respect to the power meta-model, Table 3- 10 lists the 10-second power capabilities of the 48
cell designs simulated using BDS that were subsequently used to build the meta-model for the power
performance. These cells were all of the NMC333-G chemistry. Using Eureqa Formulize, the
following relationship was established between the 10-second power values and the capacity of the

cell (xc ), and single side the cathode coating thickness (x°):

Pc}:”DS’HPPC — xC xC /(C+d(xCT)g xCT) thT C (8)
BDS_HPPC __ M pBDS_HPPC
Ppack x X ])Lell (9)

The measures of fit for the regression analysis have been listed in Table 3- 11. Figure 3- 5 shows the
residuals between the 10-sec power performance values from BDS and those predicted from the
meta-model. A tight fit between the two is observed with a maximum error of 0.03kW which is
between 0.02-0.04% of the peak power requirements for the applications considered in this study.

0.04

XK

g 002 - s X >K
= X%
< 0 X‘?&ﬂﬂ%ﬂ&%ﬂﬁ
§5 C 3&’%’%5&2
S
g -0.02 X
Y
-0.04 Data Point #

Figure 3- 5: Residuals for the cell-level power meta-model
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Table 3- 10: Actual BDS results vs. meta-model predicted values for the 10s HPPC power for the 48 cell designs

simulated.
xT xC BDS 10s  Meta-model 10s  x©T 1€ BDS 10s  Meta-model 10s
(um) (Ah)  power (kW) power (kW) (um) (Ah) power kW) power (kW)
25 10 0.83 0.83 125 10 0.27 0.27
25 20 1.66 1.66 125 20 0.54 0.54
25 30 2.50 2.50 125 30 0.82 0.82
25 40 3.33 3.33 125 40 1.09 1.09
25 50 4.16 4.16 125 50 1.36 1.36
25 60 5.00 4.99 125 60 1.65 1.63
50 10 0.61 0.62 150 10 0.22 0.22
50 20 1.23 1.24 150 20 0.45 0.45
50 30 1.85 1.86 150 30 0.67 0.67
50 40 2.47 2.48 150 40 0.88 0.90
50 50 3.09 3.10 150 50 1.13 1.12
50 60 3.71 3.72 150 60 1.36 1.34
75 10 0.45 0.45 175 10 0.19 0.19
75 20 0.90 0.89 175 20 0.37 0.38
75 30 1.35 1.34 175 30 0.56 0.56
75 40 1.80 1.79 175 40 0.75 0.75
75 50 2.26 2.23 175 50 0.93 0.94
75 60 2.71 2.68 175 60 1.14 1.13
100 10 0.34 0.34 200 10 0.16 0.16
100 20 0.68 0.68 200 20 0.31 0.32
100 30 1.03 1.02 200 30 0.47 0.48
100 40 1.37 1.36 200 40 0.64 0.64
100 50 1.72 1.70 200 50 0.78 0.80
100 60 2.06 2.04 200 60 0.97 0.96

Table 3- 11: Measures of fit for the power meta-model

R”*2 Goodness of Fit

Correlation Coefficient

Maximum Error
Mean Squared Error
Mean Absolute Error

0.99
0.99
0.03
0.00
0.01

As a separate validation, the area specific impedance (ASI) values calculated for the 48 different cell

designs were used as inputs to calculate the 10-sec power capability using the equations listed in

ANL’s BatPaC. The ASI values were seen to be similar to those reported elsewhere by some of the
authors of BatPaC [31]. Figure 3- 6 shows the comparison of the 10-sec power results from BDS and

those from the equations used in BatPaC. The curves for the power performance as a function of

electrode thickness for the different capacity cells (shown with thicker to gradually thinner lines) are

seen to almost overlap.
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60Ah RED: BDS HPPC Test (Sakti et al.)

[‘ BLUE: BatPaC with ASI_power values
from BDS

Cell level 10-second peak power (kW)

0.0 T T T T T T
25 50 75 100 125 150 175 200

Cathode Thickness (microns)

Figure 3- 6: Comparison of the 10-second power values calculated using 1) the power meta-model developed by Sakti
et al. using BDS (Equation 8) and 2) BatPaC, using the ASI values from BDS. The results are seen to match up well.

Cost and power performance models developed in this section are used in the next section to
estimate the optimal cost-minimizing battery design for a range of EVs.
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Part II: Analysis of least cost battery pack designs for different PHEVs

3.8 Methodology

The Li-ion battery pack manufacturing process based cost model and the peak power meta-model
were used in conjunction to estimate the optimal battery pack design for five different EVs:
PHEV10, PHEV20, PHEV40, PHEVG60 and a BEV100. The energy and power requirements of
these vehicles have been listed in Table 3- 12. These values were obtained from simulations run on
PSAT using the more aggressive US-06 drive cycle to calculate the power needs while the pack
capacity was estimated to satisfy the EPA 5-cycle AER'". The 10-sec power requirement profile for a
PHEV40 estimated from the PSAT simulations over a period of 100 minutes has been shown in
Figure 3- 7. The maximum 10-sec power requirement from the simulated results was chosen to be
the performance targets for the battery pack for that type of vehicle. The power-to-energy ratio for
each vehicle is also listed. The power-to-energy ratio decreases as the battery size increases from a
PHEV10 to a BEV. In other words, as mentioned before, the cells making up the battery pack of a
PHEV10 should be able to handle more power compared to the cells making up a BEV battery
pack. These energy and power values were used as the constraints while selecting the acceptable
design points.

Table 3- 12: Energy and power requirements for different vehicles (calculated using ANL’s Powertrain Systems Analysis
Toolkit (PSAT) for the more aggressive US06 driving cycle for the power requirements while the pack capacity satisfies
EPA’s 5-cycle driving test for the AER.

Battery PHEV10 PHEV20 PHEV40 PHEV60 BEV100
Size (kWh) 5 9.9 19.9 30.2 54
Power (kW, 10s) 71.5 91 103 114 128
Power/Energy ratio 14.3 9.2 5.2 3.8 2.4

—~ 3 1

%

2 0.8

g 2 0.6 g

3 PHEV40 © 8

<

E 04 @

5 0.2

>

10 40 70 100

10 sec average power (kW)

Figure 3- 7: 10-second power requirement histogram and cumulative distribution curve for a PHEV40 based on the
PSAT simulations.

10 Simulations performed by Orkun Karabasoglu. For more information, please see work by Karabasoglu et al. 2013 [32]
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3.9 Optimization Formulation

The following formulation was used to estimate the least cost battery pack for the five different EVs
consideted in this study:

Minimize the cost of the battery pack over the lifetime of the vehicle

Minimize f(x)=Cjoc"

CT

X

BCL
X
PACK - CT BCL CW N M :

X where, Ciop is calculated for a set of values for x~ ,x X" ,x ,and x using

b

W
w.rt X =| x°©

N
X

M
X

the PBCM and then interpolated linearly.

Subject to:

Y (10
EM 2 ERY (11)
where EPA =x NxMxCVA[;ZgB, as shown in Equation (7)

25<xT<125; " €R (12)
5<x"<200; X" eZ (13)
50<x™<150; x* €R (14)
5<x¥<50; XN €Z (15)
4<xM<2; M eZ (16)
10<x°<60; x“€R 17)

PSAT - ~ PSAT -
where P;;” is the maximum 10-second power requirement and, ;" is the minimum battery pack

energy requirement for a EV with an AER of x miles, calculated using ANL’s PSAT tool following a
US-06 drive cycle.

3.10 Pack cost calculation

A design grid was constructed by varying the different design decision variables (x) as outlined in the
optimization formulation with the values shown in Table 3- 13. The cell-capacity design space of
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interest is between 10Ah and 60Ah achieved by varying the cathode thickness (x") from 25 um to
200 pm in intervals of 25 pm, the cathode width (XCW) from 50mm to 150mm in intervals of 25mm

and the number of bicell-layers (x BCL) from 5 to 645 in intervals of 5. However, X°* was not always
varied till 645, but only to make sure that there were enough data points to interpolate in the desired
design space. For the cathode width of 50mm, Figure 3- 8 shows the upper limit of the bicell-layers
for which the data was collected to build the design grid for interpolation. The solid lines show the
10Ah and the 60Ah constraints. An Excel-MATLAB interface was used to input all the different
values of the design decision variables in the PBCM excel spreadsheet and generate the
corresponding manufacturing cost value associated with that design.

Out of the five design decision variables the number of bicell-layers (XBCL ), the number of cells per
module (xV), and the number of modules per pack (x™ ) are integers, while the other two are real

numbers. A mixed-integer non-linear programming (MINLP) based branch and bound algorithm
was used on the design grid using MATLAB to interpolate the least cost design point for each of the
EVs following the optimization formulation specified previously. The optimization model was run
more than once with different starting points to make sure that the result was true globally.

Table 3- 13: Design decision variable values considered for the design grid.

Variable Values Units
x€T 25:25:200 Um
yBCE 5:10:645* -
YW 50:25:250 mm
KN 5:5:50
)CM 2:2:22

*data were not collected for all values but only enough to
interpolate between 10-60Ah (please see Figure 3- 8 for an
example)
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Figure 3- 8: An example of the design grid for cells of 50mm cathode width. The solid lines show the region of interest
between cell capacities of 10Ah-60Ah.

COGS ($/kWh, nameplate
pack level)

wn
=1
;

=1
=

" Cathode coating thickness
microns o)
( -) e 200
180

Cathode Width (mm)

=)

Bicell Layers

200

Figure 3- 9: 3D heat map resulting from interpolation of pack cost with respect to the cathode coating thickness, the
number of bicell-layers, and the cathode width from the initial design grid. The design space of interest consisting of cell
capacities between 10Ah and 60Ah is a subset of this space.
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3.11 Sensitivity Analysis

The robustness of the results using the base case assumptions was tested with a sensitivity analysis.

Table 3- 14 lists the different parameters that were varied in the sensitivity analysis and the
associated lower and upper bounds that were used for the PBCM. Table 3- 15 lists the optimization

constraints and their lower and upper bounds. For the power constraint the upper and lower bounds
were vatied by +/-25%. This was done to take into account any uncertainty that may be

incorporated from the BDS power meta-model and also with respect to the PSAT simulation.
Similarly, for the energy constraint the upper and lower bounds was varied by -25%, which takes
into account future developments like vehicle light-weighting etc. along with the uncertainty in the

PSAT simulation that calculates the required energy of the pack. Based on information from battery
manufacturing experts, the base case for the maximum allowable electrode coating thickness for the

cathode was considered to be 125 microns. The optimistic case was set at 200 microns while the

pessimistic case was set to be 100 microns.

Table 3- 14: Process-based cost model parameters and their values for the sensitivity analysis

#  Parameter Base Optimistic Pessimistic Notes
Base: ANL BatPaC. Lower bound:
1 Working days/year 300 360 240 Assumed. Upper bound: Brodd
2010.
. Upper and lower bounds: Brodd
2 g;icetn\jfj‘g ($/he) 18 15 25 2010, for skilled/unskilled labor.
Base: ANL BatPaC
Price of Building Base: ANL BatPaC. Lower bound:
3 S ~ 3000 1600 4000 Anderman 2011. Upper bound:
pace ($/m"2) A d
ssumed.
4 Discount Rate 10% 6% 14% Assumed
Positive Electrode
5  Active Material Price 31 31 53 ANL BatPaC
($/kg)
Negative Electrode
6  Active Material Price 19 17 23 ANL BatPaC
($/kg)
Separator Price
7 $/m™2) 2 1 2.9 ANL BatPaC
g  Dlectrolyte Price 21.6 18 24,5 ANL BatPaC
($/liter)
9 Scrap rate (%) Ta7ble -25% +25% Base: ANL BatPaC
10 Yield rate (%)* 95% 99% 90% Base: ANL BatPaC
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Table 3- 15: Constraints varied in the optimization as part of the sensitivity analysis

# Constraint Base Optimistic Pessimistic Notes
1 C;?thode coating .125 2 00 100 microns Based on expert opinion
thickness microns microns
Base: PSAT simulation. Lower bound
5 10sec EV—X power Base 25% Base addresses future improvements that may
constraint (kW) result in lower power requirements like
body light-weighting etc.
EVox enerov Base: PSAT simulation. The -25% reflects
3 ey Base -25% Base the future improvement in the mileage
constraint (kWh) . .
obtained from batteries.

Additional Scenario-yield variation as a function of electrode coating thickness and cell
capacity
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Figure 3- 10: Overall cell-level yield as a function of the cathode coating thickness (CT, microns) and the capacity of the
cell (Ah)

An additional scenario is also investigated where instead of a constant cell-level manufacturing yield

(as listed in Table 3- 14) across all cell designs, the yield was varied as a function of the cell-capacity
(Ah) and the electrode coating thickness (microns) based on information from an industry expert.

Based on information from the expert, currently battery manufacturers are able to go up to coatings
of 125 microns successfully. The sweet spot with the greatest yields is for about 75-100 micron thick
electrode coatings and for cell capacities of up to 40Ah. The reason behind this is that it is difficult
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to make defect free electrode sheets with a very fine electrode coating on top and on the other side
of the spectrum as the electrode coating thickness goes up, defects from structural integrity and
drying etc. are incorporated. With respect to cell capacities, everything else being equal, for higher
capacities more bicell-layers need to be stacked on top of each and with each additional bicell layer,
the probability of incorporating a defect goes up. Figure 3- 10 shows a contour plot of the overall
cell-level yield that we consider in the fourth scenario. These data were then used to build a meta-
model of yield as a function of the cathode coating thickness and the cell capacity, using the
software tool Eureqa.

3.12 Results and Discussion

The cheapest battery pack design for the different EVs were estimated to meet their power and
energy requirements, as estimated using the PSAT simulations. The results have been shown in
Table 3- 16 that lists the overall pack cost, the specific cost, the different design decision variables,
and the resulting capacity of the optimal cell. As expected the specific cost of the optimal battery
pack design is seen to decrease with the AER of the EV (from $470/kWh in the case of the
PHEV10 battery to $239/kWh in the case of the BEV100 battery pack). To meet the power
requirement, the cells for a PHEV10 and a PHEV20 are seen to have lower cathode coating
thicknesses than the maximum allowable limit of 125 microns. However, for a PHEV40, PHEV60,
and the BEV100, the optimal design is at the boundary of the allowable cathode coating thickness at
125 microns, indicating the possibility of decreasing manufacturing costs further if the electrode

coating thickness is increased. The optimal pack designs also resulted in higher capacity cells (x©).
Design constraints allowed for cells between 10Ah and 60Ah and the optimal cell designs are seen
to be within 55-60Ah. In general, the optimization results show that the cheapest design consists of
higher capacity cells with the thickest electrode coatings that can still meet the power requirements
of the vehicle. Once the highest possible value of the electrode coating thickness is calculated, the
model then varies the number of bicell-layers (XBCL , an integer) and the cathode width (XCW) to
result in the higher cell capacities. The number of modules per pack (x™ ) was kept at the minimum

possible value since according to the PBCM; additional modules resulted in additional costs
associated with the SoC regulators for each module etc. The model predicts the lowest number of
modules per pack since the more modules results in more costs associated with module regulators.

Thus, the number of cells per module (x") is first increased followed by the number of modules
required to provide the required energy of the pack.

Table 3- 16: Optimization results for the base case. Boundary values have been indicated with an asterisk.

Vehicle P(gc/l;aCCEt Sp&?i@aﬁf“ xTmicrons)  x® XN mmy 2N XM xC A
PHEV10 2,350 470 60.9 45 100 6 4% 56
PHEV20 3,244 328 99.4 27 101 12 4% 55
PHEV40 5,246 264 125% 23 100 23 4* 58
PHEVG60 7,412 245 125% 15 125 34 4* 60*
BEV100 12,733 239 125% 15 124 41 6 58
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In order to relate the findings from the optimization model presented in Table 3- 16 to the real
wotld, the optimal pack design for a PHEV40 was compared to available information for a battery
pack used in the Chevy Volt. The Chevy Volt is an extended range electric vehicle (EREV) with an
EPA estimated range of about 38 miles [17]. An extended range electric vehicle is a series hybrid
vehicle where the internal combustion engine is used solely to charge the battery. The comparison
has been shown in Table 3- 17.

Table 3- 17: Comparison of the optimal battery pack design for a PHEV40 to available information for a battery pack
used in the Chevy Volt (EREV 38)

Sakti et al. PHEV40

Design Specification . . Chevy Volt
optimal design
Pack Cost ($/kWh) 264 500#
Cell chemistry NMC333-G* LMO-G
Cell capacity (Ah) 58 15
Cathode coating 125 i
thickness (microns)
Cell form factor Prismatic Pouch* Pouch
Pack voltage (V) 343 370
Cells per pack 92 288
Cells per module 23 -
Modules per pack 4 -
Cells in parallel 0* 3
Cells in series 92 96
Discharge power (kW) 103 (10s) >125
Cooling system Liquid* Liquid

*A parameter and not an optimized design variable or a result of the optimization.
¥ As estimated by the National Research Conncil [17]

The specific cost of the battery installed in the Chevy Volt is almost higher than a factor of 2
compared to the optimal cost reported in this study. The cathode chemistry in the Chevy Vole is
Mn-spinel while that in the PHEV40 is NMC333-G. LMO has a much lower energy density at
100mAh/g compatred to NMC333-G at 175 mAh/g. For an EREV40, ANL reports a NMC-G
battery cost to be at $265/kWh while the same battery using LMO-G chemistry costs $193/kWh
[28]. However, most of the experts that were interviewed for the expert elicitation are of the opinion
that the future chemistry (by 2018) will either be NMC333-G or a version of the chemistry. The
optimal cell capacity was 58Ah while the capacity of each individual cell in Volt’s battery pack is
15Ah. However, three of the cells are connected in parallel, which makes it to 45Ah. 96 of these
parallel cell-groups are connected to result in a pack voltage of 370V, while the optimal battery pack
estimated in this study was of 343V. The discharge power are comparable, although for the
PHEV40 the cell is able to sustain that power for 10 seconds while in the case of the Volt battery
similar information was unavailable. In both cases, a liquid cooling system was used. The cell form
factor was similar. Chevy Volt uses a pouch cell while in the case of the PHEV40 battery, prismatic
pouch cells were used. However, a likely factor contributing to the cost discrepancy is the electrode
coating thickness. For the PHEV40 optimal design, the electrode thickness was 125 microns while
in the case of the cells used in the Chevy Volt it is anticipated to be much less. Based on available
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industry information and expert opinion, the electrode coating thickness is likely to be between 70-
100 microns with the most likely estimate somewhere near the lower bound. Increasing the cathode
coating thickness is likely to result in some cost reduction.

The specific costs of the cheapest designs as a function of the power-to-energy ratio of the EVs
have been shown in Figure 3- 11.
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©
o
L 400
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& 200
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BEV100 PHEVA40 Power-to-Energy Ratio (W/Wh)

Figure 3- 11: Optimization results of the specific cost values at the pack level plotted as a function of the power-to-
energy ratio of the pack.

The costs were seen to increase almost linearly. Fitting a trend line to the data points for the base
case gave the following quadratic equation (coefficient of determination: 0.999):

CPACK _ j(XP/E)k FIXPE 4 » 21)

TOT

where, X"Fis the power-to-energy ratio of the battery. The parameters have been listed along with
all the others in Appendix A.

Figure 3- 12 is a plot from a study published by Kromer and Heywood in 2008 listing the battery
pack costs in a similar way for different EV applications as a function of their power-to-energy ratio.
Kromer and Heywood calculate the battery costs using a generalized expression based on a base cost
for a higher energy battery pack (Costyy, poe,) 20d then using a scaling factor that is a function of
the battery power-to-energy ratio given by:

Battery Cost = (Costyyg, pner) X f(Power-to-Energy Ratio) (22)

In their base (current, 2008) case, they considered the cost of a higher energy battery pack to be
about $300/kWh which subsequently went down to $250/kWh for the future base case and to
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$200/kWh for the future optimistic case. The 2008 powet-to-energy scale factor was assumed to be
4.5-5, which went down to 3 in their future cases. Figure 3- 13 shows the results from this study
super-imposed on the results from Kromer and Heywood. The results from this study are closer to
their estimates of the costs in 2030, compared to their values in 2008. However, the energy and
power requirements used in this study based on the work of Karabasoglu and Michalek, 2013 [31]
(listed in Table 3- 12) are different than the energy and power requirements considered by Kromer
and Heywood in their study. The power and energy values used by Kromer and Heywood have been
listed in Table 3- 18. Figure 3- 14 shows the comparison between Kromer and Heywood’s plot to
the results from this work when the energy and power values from Table 3- 18 are used as
constraints instead of the values calculated using PSAT. Costs were seen to increase by up to
$100/kWh (for a PHEV10 battery pack).

The base case cost from Figure 3- 14 was seen to follow the following linear equation (coefficient of
determination: 0.999):

CPACK :qXP/E+r (23)

TOT

Please see Appendix A for parameter values.
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Figure 3- 12: Current and future (2030) specific costs as estimated by Kromer and Heywood (Image source: Kromer
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Table 3- 18: Energy and power values used by Kromer and Heywood (compiled from Table 12 and Table 25 of the full
version of Kromer and Heywood’s paper [33])

Battery pack energy  Battery pack power  Power-to-energy

Vehicle (kWh) (kW) ratio
PHEV10 3.6 48.6 13.5
PHEV30 8 44 5.5
PHEVG60 16.5 47.9 2.9
BEV200 48 80 1.7
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Figure 3- 14: Results from the cost and optimization model of this study using Kromer and Heywood’s energy and
power requirements for different vehicles (Table 3- 18) super-imposed on the results from Kromer and Heywood, 2008
(Figure 3- 12) [12]
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this study as well as NRC/NAS estimates for the cost of the battery pack in a Chevy Volt and a Nissan Leaf have been highlighted in red boxes.
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Figure 3- 15: Summary of the cost estimates reported previously (Figure 3- 1) with the cost estimates from this study added for comparison. The cost estimates from



Figure 3- 15 plots the cost estimates from this study to the summary chart presented previously
Figure 3- 1. The costs are seen to be much lower than the other costs reported in the literature. This
could stem from a number of reasons, the most important of which is the electrode coating
thickness. Expert interviews as well as dissecting cells in the laboratory while validating BDS
(Chapter 2) have shown that electrode coating thickness generally used by manufacturers is about 75
microns on each side of the collector. Expert opinion indicates that the manufacturers are trying to
go as high as 125 microns. The optimal cathode coating thickness is about 62microns for a
PHEV10, 100microns for a PHEV20, and up to the allowable limit in our model of 125 microns for
a PHEV40, PHEV 60, and a BEV100. The specific cost for the PHEV10 battery pack which has
cells with a 62micron thick coating is seen to be very close to the manufacturing cost of a Nissan
Leaf (BEV73) and a Chevy Volt (PHEV40) battery in 2012, as assumed by the NAS/NRC report
published eatlier in 2013. Thus, given that our model allows much higher coating thicknesses, the
costs come out to be much lower than what is reported elsewhere. Cells of lower capacities will
increase the number of cells required to provide the same energy compared to if the cells were of
higher capacities. This will lead to additional costs associated with monitoring these individual cells.
Hence, the model predicts the highest capacity cells for the optimal design. The highest value of the
electrode coating thickness that is able to deliver the power required for the application is
subsequently predicted since the 10-sec power performance is a function of the cell capacity and the
electrode coating thickness. Once these two variables are fixed, only a small set of combinations of
the cathode width and the number of bicell-layers are feasible since the capacity depends on the
amount of active material and is a function of the electrode coating thickness, the cathode width,
and the number of bicell-layers, as shown in Equation (6). Whether the required amount of active
material is achieved by increasing the number of bicell-layers or by increasing the width of the
electrode does not seem to make much of a difference when actual numbers are tested in the
PBCM. The interpolated model suggests keeping the electrode width around 100mm and varying
the bicell layer accordingly as is seen from Table 3- 16.

Power constraint  B0Ah constraint Optimal point

50 . kil $6,000

40 $5,000
g 30 $4,000
a

20
$3,000

10

/ 100 125

N\ 150
Energy constraint
CT (microns) o

50 i 75
104h constraint

Figure 3- 16: Sample contour plot of cost as a function of the cathode coating thickness (CT) and the number of bicell-
layers (BCL) for the optimal design for the PHEV20 as reported in Table 3- 16. The cathode width is held constant at
101mm, the cells per module at 12, and the modules per pack at 4.
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A sample figure showing the design space around an optimal design point has been shown in Figure
3- 16. For the given cathode width, the white lines represent the limits for thel0 and 60Ah cells with
respect to the number of bicell-layers as the cathode coating thickness is varied. The red and
magenta line represents the power and energy constraints (the cells per module and the modules per
pack have been assumed in this case). Given that the power is a function of the cell capacity and the
cathode coating thickness, after a certain coating thickness, the capacity needs to increase to meet
the power requirements and hence the power constraint curve is seen to be flat. The optimal design
point is seen to be at the intersection of the energy and power constraint lines that lie between the
cell capacity constraint lines.

Sensitivity Analysis

The optimal cathode coating thicknesses for the base, optimistic and the pessimistic case, listed in
Table 3- 15 and the base case with varying yield (Figure 3- 10) have been shown in Figure 3- 17. It is
seen that for the PHEV10 and the PHEV20, the power constraint keeps the cathode coating
thickness unchanged from the base case value. For the PHEV40, the optimal coating thickness
increases to ~172 microns when the constraint is relaxed to 200 microns in the optimistic case while
for the PHEV60 and the BEV100, the optimal coating thickness is the maximum allowable value at
200 microns. When the yield was varied with the coating thickness and the cell capacity, as shown in
Figure 3- 10, the optimal coating thickness drops to ~145-150 microns for the PHEV40, PHEV60,
and the BEV100. The optimal cathode coating thickness for the PHEV10 and the PHEV20 remains
unchanged indicating that thicker electrode coatings will not be able to meet the power constraint.

Sensitivity of the cost of the cheapest battery pack when the constraints with respect to the cathode
coating thickness, the energy, and the power are varied have been shown in Figure 3- 18, Figure 3-
19, and Figure 3- 20 in the form of tornado plots. With respect to the cathode coating thickness
(Figure 3- 18), increasing the upper limit of the cathode coating thickness to 200 microns can result
in pack level savings of up to ~$1000 for a 54kWh BEV100 battery pack. Decreasing the energy
requirement of the vehicles, as calculated using PSAT, to take into account improvements in mileage
resulting from vehicle light-weighting etc. in the future was seen to reduce the pack cost by up to
~$3,000 for a 54kWh BEV100 battery pack (Figure 3- 19). Reducing the power requirement was
seen to only result in small savings of up to ~$140 for a PHEV10 (5kWh) pack and ~$100/pack for
a PHEV20 (9.9kWh) pack with no savings for a PHEV40, a PHEV60, and a BEV100 pack
indicating that the energy constraint is dominant in those cases (Figure 3- 20).

A summary of the cost variation for the four different scenarios is shown in Figure 3- 21. The
optimal specific cost when the yield is varied is seen to be in the range of the costs from the
optimistic and the pessimistic cases. Specific costs were seen to be as high as ~$600/kWh (for a
PHEV10) decreasing to ~$300/kWh for the BEV100, for the pessimistic case.
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Figure 3- 17: Optimal cathode coating thickness for the four different scenarios considered. The optimal thickness for

the scenario where the yields were varied as a function of the cathode coating thickness and the cell capacity was seen to
lie within the range of the results from the other three scenarios.
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Figure 3- 18: Tornado plot of the pack cost vatiation with respect to the base case when the electrode coating thickness
constraint is varied between 100 and 200 microns from the base case of 125 microns.
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Figure 3- 19: Tornado plot of the pack cost ($/kWh and $/pack) variation with respect to the energy constraints when
it is decreased to 75% of the calculated requirement for the base case. The pack cost decreases since the total size of the
pack (kWh) decreases, but the specific cost ($/kWh) is seen to increase.
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Figure 3- 20: Tornado plot of the pack cost (§/kWh and $/pack) variation with respect to the power constraints when

it is decreased to 75% of the calculated requirement for the base case. Changing the power constraint for a PHEV40, a

PHEV60, and a BEV100 does not change the pack cost or the specific cost since the energy constraint is dominant for
those vehicles.
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Figure 3- 21: Specific pack level cost for the different EVs calculated for the four different scenarios. The optimal cost
results from the scenario in which the yield was varied as a function of the electrode coating thickness and the cell
capacity is seen to lie within the range of results from the other three scenarios.

3.13 Conclusion

A techno-economic analysis was performed on Li-ion batteries and the different design decision
variables of cathode coating thickness, number of bicell-layers, the cathode width, the number of
cells per module, and the number of modules per pack was investigated. The power meta-model that
predicts the 10sec peak power capability of a battery pack was seen to be in agreement with the
approach pursued by ANL BatPaC to calculate their pack power. The results from the cost meta-
model were seen to be in the range of the costs of the ANL BatPaC. The P-E ratio requirement
across the different vehicles was seen to be a key factor driving costs. Optimized results indicate that
the cheapest designs result from higher capacity cells that are fabricated with electrodes employing
higher electrode coating thicknesses. Economies of scale was seen to be reached at an annual
production volume of about 30,000 packs or ~200MWh. Optimization model results indicate that
the electrode thickness is determined by the power constraint for the smaller pack cells while for the
larger packs it is only manufacturing limitations that keeps the electrodes from getting thicker.
Increasing the upper limit of electrode coating thickness to 200 microns can result in a decrease of
the manufacturing costs at the pack-level by about 5-8%. When the yield was varied as a function of
the cathode coating thickness and the cell-capacity, the optimal coating thickness was seen to only
be as high as ~150 microns. Varying the yield did not seem to have any significant effect on the
specific cost of the battery packs compared to the base case. Using the optimal cost results, a
formula for the specific cost at the pack level as a function of the power-to-energy ratio of the
battery pack was developed. The optimized costs were seen to be lower than those resulted in the
literature for similar applications. A possible explanation for this is the upper limit for the electrode
coating thickness considered in this study compared to what is seen in the industry indicating that it
is possible to bring down the cost of battery packs for EVs through application specific designs at
the cell level thus proving our initial hypothesis. Incremental developments in cell-level
manufacturing whereby thicker electrode coatings can be employed for cells with lower P-E
requirements was identified as a possible pathway to lower battery costs.
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3.14 Limitations

The designs studied in this work do not take into account parallel cell configurations. The pack level
voltage was also not taken into consideration as a design decision variable. This may result in
additional costs to incorporate the battery pack into the vehicle system if the voltages are too high or
too low. Additionally, this work does not account for any capacity fade that may result from using
cells with thicker electrode coatings. As more information becomes available on the quantification
of capacity fade resulting from thicker electrode coatings, a more informed decision on the optimal
coating thickness could be made.
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4. An elicitation of expert assessments of current and future Li-ion battery cell
and pack cost, and designs for personal vehicle electrification'

4.1 Background

The 2014 DoE production cost goals for PHEV-40 batteries is $300/kWh while its goal for BEV-
100 and BEV-300 (EV) batteries in 2020 is between $100-150/kWh, at the total pack level capacity
[1-2] (Figure 4- 1). The United States Advanced Battery Consortium (USABC), an arm of the United
States Council for Automotive Research (USCAR), which partners with different governmental
agencies including the USDoE has a more detailed description of the performance requirements
from the batteries for which the future cost goals are set (please see Appendix G). It’s goal for a
PHEV-10 is a “production price” of $500/kWh (@100k units/year) while the goal for a PHEV40 is
a “production price” of ~$300/kWh. USABC’s goal for a BEV with a 40kWh battery pack is a
“selling price” of ~$100-150/kWh (@25k units/year) [3]. Cutrent battery prices are reported to be
in the range of $500-$600/kWh for the entire battery pack [4]. Given that mainstream adoption of
alternative powertrain technologies is necessary to achieve substantial displacement of US petroleum
consumption and reduction in air emissions like greenhouse gasses, battery cost is key to addressing
oil dependency and global warming in the United States. Assessment of the trajectory of the
technology in the near future will help make better-informed policies with direct implications on
national security and global climate.

Future cost reductions of Li-ion batteries is likely to result from a multitude of factors. Volume
based cost reduction has been shown from the results of our model in the previous section (Figure
3- 2) as well has been reported in other studies [5] as well as has been where an increase in the
annual production volume of the batteries brings down the cost of production. Other routes to cost
reduction can involve larning based cost reductions resulting from declining labor hours per unit
produced or, experience based cost reductions which is applied to the overall “cost behavior over time
in a process industry” and take into account learning, specialization, investment, and scale. [6]. While
information on these factors can be useful in predicting the future cost of a technology by using
historical data, these approaches are also prone to issues 7] and estimating future cost reductions
solely by taking into account the afore-mentioned cost reduction factors may be erroneous.

1 Sakti, A., Azevedo, 1., Fuchs, E.R.H., Michalek, J.J., Gallagher, K., Whitacre, J.F. 2014, An elicitation of expert
assessments of current and future lithium-ion battery cell and pack costs, and designs for personal vehicle electrification,
work in progress.
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Figure 4- 1: US DoE battery production cost goals for PHEV and BEV batteries (Source: Howell 2011)

Expert elicitation, in which experts from the field are asked for their opinion on specific aspects
pertaining to their field of expertise, is another tool to estimate future cost reduction. In the case of
Li-ion battery pack manufacturing, experts are likely to have significantly more information on the
individual process steps involved in the entire manufacturing process. Expert elicitation, too,
however, is prone to errors. The errors in this case involve the subjective nature of the experts’
judgments. Cognitive heuristics such as availability, and adjustment and anchoring are of particular
nototiety. In the availability heuristic, the respondent is influenced by the ease with which he or she
can recall similar instances as is being asked for in the question at hand. Adjustment and anchoring on
the other hand, results in biases when the respondent starts off from an initial value and then adjusts
that value to arrive at the final answer. It has also been shown that experts, as well as laypeople tend
to show overconfidence while answering questions [8-9]. A proper protocol, which includes framing
questions that limit the introduction of bias as much as possible, can help in addressing these pitfalls.

In this study we present an expert elicitation to estimate the future cost of Li-ion battery packs and
cells for personal vehicle electrification. Given the systems nature of Li-ion battery pack
manufacturing and the number of process steps involved, we not only elicit the overall cost of
manufacturing from the experts, but also information on the most sensitive process step parameters
as well as materials level cost. Such an approach of focusing on individual aspects in a systems-level
problem has been shown to improve the overall quality of the results [10]. In our case, it improves
the quality of our expert elicitation by adding to the robustness of our findings.
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4.2  Aims and Objectives

This research aims to evaluate current and near-term (by 2018) costs and design-developments of Li-
ion batteries for personal vehicle electrification by interviewing experts from the battery industry,
original equipment manufacturers (OEM), and consultants. The primary objective is to identify the
improvements in the design and technology that will facilitate manufacturing cost reductions in the
near future based on expert opinion. A secondary objective is to use the design-specific information
from the experts and use them as inputs to the process-based cost model constructed previously
(Chapter 3) and compare experts’ systems-level costs to what the cost model predicts.

4.3 Literature review of expert elicitations for future Li-ion battery costs

Literature is replete with projections of future Li-ion battery costs. Figure 3- 15 summarizes some of
the existing cost estimates, in the context of the US, including the estimates from a study by some of
the authors of this paper [11-25]. A significant amount of scatter is seen with the different estimates.

Out of the different cost estimates listed in the study, only Baker et al.’s protocol is similar to the
elicitation reported in this study [22]. Baker et al. interviewed seven different experts to elicit
advances in battery technologies for electrified vehicles focusing on Li-ion and li-metal batteries [22].
The elicitation was structured around five characteristics: cost, power density, specific-energy,
lifetime, and recharge rate of the batteries. A total of seven experts from a mix of universities,
national laboratories, and private firms were chosen. For both the technologies (Li-ion and li-metal)
they started the elicitation with a question relating to the technical feasibility of the battery by
eliciting the probability of the technology achieving 3000 cycles [22]. Subsequently, two different
U.S. government-funding scenarios for each technology was provided to the experts and the
probabilities for the technologies to achieve the high and low endpoints were elicited [22].

Bosetti ¢7 al. interviewed a set of 14 experts to estimate the capacity of both PHEVs and BEVs to
reach commercial success in the next twenty years under three different EU public R&D funding
scenarios [23]. The experts were from institutions, private sector, and academia. The authors in the
paper state that their work is similar to that of Baker ¢ a/. (described above) but differs since the
focus in this case is the EU and the elicitation also provides an assessment of future diffusion
scenarios on top of the cost estimates. While Baker ¢z a/. elicited information only for Li-ion, and li-
metal batteries, this study elicited information for Li-ion, li-metal polymer, li-sulfur, li-iron
phosphate, Ni-MH, Zn-air, Pb-acid, Ni-Cd, and Zebra (molten-salt) batteries. The authors elicited
information on the optimal allocation of R&D budget from 2010-2030 for different vehicular energy
storage technologies, stage of R&D required for the different technologies, and the cost of different
batteries in $/kWh in 2030 under different funding scenatios. The authors finally elicited
information on the potential solutions to different factors that could pose as non-technical barriers
to the diffusion of electric vehicles. The factors chosen as potential non-technical barriers by the
authors were: behavior changes, infrastructure, safety, lobbying/vested interests, ctitical mass for
adoption, and rare metal supply.

In both the studies (Baker e a/. and Bosetti ¢# al), no specification on any design aspect or the type
of electrified vehicle was included in the elicitation.

55



4.4 Methodology

A set of ten elicitations was executed over the course of three months that involved twelve different
experts from the industry (battery manufacturers, suppliers, and car OEMs), and consulting firms.
Initially, the experts are free to assume any battery design that, according to them, will result in the
cheapest cost battery pack in 2013 and 2018. Costs were elicited at the cell level ($/kWh), pack level
($/kWh), and for the battery management system (BMS) and thermal management system (TMS)
contribution to the pack ($/pack). The specific costs were elicited at the nameplate or rated capacity
level (and not the usable capacity level). The experts were then asked to elaborate on what they think
will result in the cost reductions by 2018. Subsequently, two different battery pack designs were
specified. These designs were based on available information on two existing battery pack designs
currently in use in EVs commercially available: Ford C-Max Energi and Nissan Leaf. Designl was
similar to the battery pack in Ford C-Max Energi while Design2 that of the Nissan Leaf. Table 4- 1
lists these two designs. The vehicles that these designs are representative of are only used as
references and were not intended to be exact replications.

Table 4- 1: The two designs used in the elicitation based on battery pack designs in existing vehicles. Assumptions have
been made and listed where information was unavailable. Items of interest, that we wish to elicit information about, have
been shown in shaded boxes.

Designl Design2 Notes
. Ford C- Nissan Selected o b‘e
Design reference . representative of two
Max Energi Leaf . .

different battery pack sizes.
Design reference vehicle type PHEV-21 BEV-73

Data, from various sources
Pack energy (kWh, total) 8 24 (rounded off
Pack power (10s, kW) 68 >90 Data, from various sources
State of charge swing window (%) ~85 ~80 Data, from various sources
Cell form factor Prismatic Pouch Data, from various sources
Chemistry NMC-G LMO-G  Data, from various sources
Cell capacity (Ah) 25 33.1 Data, from various sources
Pack cooling Air Air* Data, from various sources
Cathode
Specific capacity (mAh/g) 150 100 Data, from various sources
Single side electrode coating 60 80 Assumed based on existing
thickness, ((m) knowledge
Anode
Specific capacity (mAh/g) 330 330 Data, from various sources

*Nissan Leaf uses active air cooling for its battery pack

Once the designs were specified, the experts were asked whether they were representative of the
designs by 2018 or if the designs are going to be significantly different. Subsequently, the experts
were asked about their opinion on the design specifics like the cell capacities, the electrode coating
thickness, specific capacities of the cathode and the anode and the state-of-charge swing. The
experts were then given the opportunity to comment on what they would change to make the
battery packs cheaper in the 2018 with respect to the cell form factor, the chemistry, and the type of
thermal management system. Design-specific costs for the two designs, similar to what was done
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previously when the experts were allowed to assume a design of their preference, was then elicited
from the experts.

The elicitation was executed in two parts. Part I of the elicitation comprised of the questions
described above that dealt with the systems-level costs and designs variables. In Part II of the
elicitation, the expert was introduced to the manufacturing process steps and process step
parameters like the active material scrap rates and the overall cell-level yield rates. The experts were
then asked about the scrap rates specific to Designl and Design2 followed by their opinion on the
cumulative cell level yield and its variation as a function of the electrode coating thickness and the
cell capacity (Please see the elicitation protocol, Appendix H, for more information). Once that was
done, the experts were asked whether they would like to revise their previous cost estimates for
Designl and Design2. The objective behind introducing the expert elicitation in two parts was to
check whether the experts changed their cost estimates after the process step parameters (scrap rates
and the cumulative cell-level yield rate) were introduced to them. Finally, the experts were asked
some open-ended questions with respect to Designl and Design2, technological breakthroughs that
may be disruptive to the status of Li-ion batteries by 2018, and about the protocol in general. The
results of the elicitation have been presented in the next section.

4.5 Results and Discussion

Expert opinion on the cost of Li-ion batteries in 2013 and 2018, when they were free to assume any
design has been summarized in Figure 4- 2. The experts have been tagged with identifiers that
connect them to their respective industry: BI for battery industry, OEM for original equipment
manufacturers and C for experts from the consulting industry.

Considerable scatter is seen in the experts’ estimates. However, as expected, the cost values are in
general agreement to what has already been reported in the literature and as summarized previously
in Figure 3- 15. Expert A, who is a cell manufacturing director in a battery manufacturing company
by far had the highest cost estimates for now as well as in 2018. Other than Expert L, a well known
figure in the world of battery systems modeling, all other experts were of the opinion that PHEV10
batteries are the most expensive currently followed by PHEV 40 and BEV 100, with a similar trend
in the cost reduction order in 2018. According to Expert L, BEV 100 batteries are more expensive
currently compared to a PHEV10 or a PHEV40 battery but will see a much sharper drop in
manufacturing costs by 2018 when it will be cheaper compared to a PHEV10 or a PHEV40 battery.
In almost all cases the experts were of the opinion that the cost reduction from now until 2018 will
result from volume and learning based reasons. Some of the experts also indicated that there is a
recent push in the industry to standardize the battery designs (cell form factor etc.) and such an
effort could positively impact cost reduction as well. The contribution from the battery management
system (BMS) and the thermal management system (TMS) to the entire battery pack as well showed
much disagreement between the experts as is seen from Figure 4- 3. Experts generally agreed that
the BMS and TMS costs aren’t likely to change all that much since the electronics are already mass
produced and it is unlikely that there will be any volume based changes. Expert I’s estimates stood
out again with much higher BMS and TMS costs for a BEV and a much sharper drop by 2018
compared to the other experts.
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Once Designl and Design2 was specified all the experts who provided estimates for the costs scaled
the cost for Designl, between their previous estimates for a PHEV10 and a PHEV40 given that
Design1 is representative of the battery pack in a PHEV21. For Design2, experts who provided cost
estimates did not change their cost estimates from the values that they provided for a BEV100
previously. The following summarizes expert opinion on the different design variables, material
properties and manufacturing process step variables.
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Cell Capacity (Ah)

Experts who commented on the cell capacities mostly either kept the base value for the two designs
unchanged or increased the capacity of the cells (Figure 4- 4). For Designl where the base value for
the cells used in the battery pack was 25Ah, expert opinion suggests that cells as high as 60Ah could
be used by 2018, while for Design2 where the base value of the capacity of the cells used to build
the pack is 33.1Ah, expert opinion suggested that cells as high as 68-70Ah could be used by 2018.
Expert G who suggested that number mentioned that currently in the Nissan Leaf (which is the
reference design for Design2), the manufacturers use two 33.1Ah cells in parallel to get to a 66.2Ah
which is then used in the battery pack to get to the 24kWh pack capacity. By 2018, manufacturers
may instead opt for higher capacity cells without having to opt for a parallel connection to reach
higher capacities.

A factor that plays a key role when deciding the capacity of the cell to be used is the overall voltage
of the battery pack that has direct implications on the pack’s power capability. Cells of smaller
capacities will result in higher overall pack voltage when connected in series compared to a pack of
the same energy using cells of higher capacities connected in series. According to Expert D beyond
a pack voltage of 350V additional costs would be incurred for the pack power electronics while
according to Expert | if the cells are unable to attain a certain pack voltage, a voltage booster may be
needed and at that point the tradeoffs need to be considered between using lower capacity cells
compared to higher capacity ones. Expert G mentioned that typically battery pack voltages are
between 250V-420V. According to Expert I, concerns associated with higher voltage packs include
costs associated with power electronics and other safety related issues. Expert | indicated that the
demand for the battery packs is also a important factor that plays a key role in the capacity of the
individual cells used in the battery pack. Manufacturers are unlikely to invest in manufacturing a new
type of high capacity cell is the demand is not high enough. They would rather use cells that are
already in production.

Electrode coating thickness

Very few of the experts chose to comment on the single side electrode coating thickness for the
cathode and of those almost all of them kept the values unchanged from the base case (Figure 4- 4).
Expert G suggested that the coating thickness could increase for these specific designs. Expert G
also mentioned that once the electrodes are coated and they go through the formation cycling step,
the electrodes swell by a factor of up to 2. The electrode thickness that we consider in this study is
the thickness after the formation cycling step. According to Expert G, the electrode coating
thickness during the coating step (before formation cycling and the associated swelling) can be as
high as 150 microns, but that will result in very low rate cells or in other words the power
performance of the cells will suffer. Expert G indicated that after the formation cycling step, the
150-micron electrode coating could swell up to a value of 300 microns. Expert H who kept the
electrode coating thicknesses for Designl and Design2 unchanged mentioned during the open-
ended questions that by 2018 there would be significant manufacturing improvements and thicker
electrode coatings will be seen.

61



Cathode specific capacity and Anode specific capacity

5 experts chose to comment on the cathode specific capacity and 6 on the anode specific capacity
(Figure 4- 4). Most experts other than Expert B forecast marginal improvements. According to
Expert B, the cathode specific capacity can improve by a factor of 2 for both Designl (NMC-G)
and Design2 (LMO-G) and the anode specific capacity can increase from 330mAh/g up to
500mAh/g by 2018.

State of Charge

For the state-of-charge (SoC) window, expert opinion lies on both sides of the values specified for
the designs (Figure 4- 5). Of the 9 experts who commented on this question, 6 of the experts
thought that the most likely SoC window for Designl would be lower that the 85% window
provided to them while defining Design1 in Table 4- 1. According to them the most likely value
would be between 75-80% in 2018. Only Expert | thought that the most likely value of the SoC
window for Design1 could be as high as 90% in 2018.

For Design2, the value provided to the experts for the SoC window was 80%. Two of the experts
(Expert D & E) commented that the most likely value would be 75% in 2018. Two other experts
(Expert H and Expert J) thought that the SoC window could be as high as 90% while Experts F &
G thought it could be as high as 96% for the most likely case.

Active material scrap rate

The experts that chose to comment on the scrap rates did not vary the rates across the two different
designs. The most likely value of the active material scrap rates was seen to be between 7-20% in
2013 improving to 7-15% by 2018 (Figure 4- 5).

Overall cell-level manufacturing yield

For the overall cell-level manufacturing yield, the most likely value was seen to be between 82-98%
in 2013 (Figure 4- 5). Only two of the experts commented on the yield variation with respect to cells
of different capacities and cells with different cathode coating thicknesses. We define the cell level
manufacturing yield as the percentage of the cells entering the formation cycling step that are tested
to be good cells at the end of the process step. With that definition, Expert L commented that a
40Ah cell using 100 micron cathode coating thickness will have a yield of about 99% which will go
down marginally to about 98% for a 10Ah and a 60Ah cell that both have a cathode coating
thickness of 25 microns. Expert L. mentioned that he is unaware of electrode coating thicknesses
beyond 100 microns. Expert A commented that there will not be any yield variations just in the
formation cycling step across cells of different capacities and different electrode coating thicknesses.
According to Expert A, yield losses, if any, will be detected in the steps leading to the formation
cycling step.

When the experts were allowed to change Designs 1 and 2 with respect to three different design
variables: cell form-factor, cell chemistry, and pack cooling method a split was seen between what
will be more economical in 2018. Their answers have been tabulated in Table 4- 3. However, almost
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every expert indicated that air-cooling would be more economical other than Expert D who
commented that there would be more active cooling by 2018 and opted for liquid cooling for
Design2. Most of the experts that commented on the chemistry indicated that by 2018 variations of
NMC-G (NMCx-G) would be the economical choice. Most experts chose the pouch cell in the
future to be the cheaper option while a handful opted for the prismatic cell packaging.

It was also seen that the experts did not change their cost estimates (for Designl and Design2) after
they were introduced to process step parameters of scrap and yield rates in Part 1T of the elicitation.

4.5.1 Using design specific information from the elicitation as inputs into the PBCM

Experts’ cost estimates for the battery packs for Design 1 and Design 2 in 2013 were compared to
the optimal costs calculated for the two designs using the cost and optimization models described in
Chapter 3. The energy and power values listed in Table 4- 1 were used as constraints, similar to
application specific designs and costs estimated for the five different vehicles listed in Table 3- 12.
The costs calculated were found to be lower than the experts’ estimates. For Design 1, the optimal
pack-level cost was estimated to be ~$470/kWh (base case) while the most-likely range from the
experts was $600-1,450/kWh while for Design 2 the numbers are ~$320/kWh and $450-
1,200/kWh (Figure 4- 6).

For 2018, information elicited from the experts like the cathode coating thickness, yield and scrap
rates etc. (listed in Table 4- 2) for the two designs were used as inputs to the PBCM developed in
Chapter 3 to compare the experts systems level cost estimates for 2018 to the PBCM’s estimate. The
median value of the range of estimates provided by the experts was considered as the base case
together with the extremes of the ranges as the low and high values. For the cell capacity, which is
not an input to the PBCM, the number of bicell-layers was varied to result in the cell capacities that
match the experts’ opinion. All other inputs to the PBCM remained unchanged from their base case
values as listed in Chapter 3 and Appendix D. The range of costs estimated using the cost model for
2018 have been shown using the blue horizontal lines in Figure 4- 6 together with the experts’
estimates for the costs of Design 1 and Design 2 battery packs. Apart from one instance (Expert A,
Design 1 battery pack in 2018), experts’ cost projections were in ranges of costs estimated using the
PBCM. The base value of the costs estimated using the PBCM however were seen to be lower than
the experts’ estimates.
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Table 4- 2: Information elicited from the experts that was used as inputs into the PBCM. The base value was the
median value of the experts’ estimates while the low and the high were the absolute low and high values from all the
experts. All other inputs to the PBCM were the same as that used for the techno-economic analysis (Chapter 3)

Design Variable Base Low High
Designl
Cell Capacity (Ah) 25 18 30
Coating Thickness (microns) 60 40 80

Cathode Specific Capacity (mAh/g) 160 150 300
Anode Specific Capacity (mAh/g) 338 330 500

Scrap Rate (%) 10 5 30

Yield (%) 95 60 99
Design2

Cell Capacity (Ah) 45 20 80

Coating Thickness (microns) 80 80 100

Cathode Specific Capacity (mAh/g) 158 100 250
Anode Specific Capacity (mAh/g) 338 330 400
Scrap Rate (%) 11 5 30
Yield (%) 95 60 99




59

‘(D) Ansnpur SunMsuod 9yl Woig 30 (SWHO) sTormdeynuew Juswdmba
[eUIS130 9IY9A ‘(Tg) Ansnpur £39118q 911 WOIF FOUYIID ¥k $139dxXG] *(s0InTyy o UL $s0I0 Pax & £q payrew) | - S[qe I, Ul poyroads sonfea suraseq oy 01 paredwod s3ueyd
Kews sursop om1 o 303 £peded ogads apoue pue apoyed ‘SSaUNIIYI Suneod apoed Iprs [durs ‘“Aieded (20 oy moy uo uvorurdo 17adxos Jo Arewrwung i - INSTY

810z z ubiseQ 810z | ubiseQ 810z z ubiseQ 810z | ubiseQ
o 0 O o 0 0 »
<L ool oL & o© B
@ e}
® 00z 00z 8 &5 00L-{% X X X ¥ 00l .
= 00 oog = = = T X ¥ X X X o
o X X X X X X K X X %X o O
% 00t W W 00% % % 00¢ H_H H oomm
8 o0s i i 0§ & © e 00t B
D 009 009 © 3 Q.
Q. m o mmm m m o mm m m e = <
< g 8 3 3 3 B 5 3 3 3 8 D < < g o & 2 U —_—
= T 3 %8 8 % 3% 2 338 8 % 3% = 3 8 8 8 ©® B 8 8 8 B B§ 3
3 - < I D w > - < I D w > 3 3 32 a a2 a3 a 32 a a2 a3 a >
> 33053 @33 003 % 5 @ >z I - L - S
=4 TR eo 2= T8 2°S 2 5 8 0 5 T B 8 0 5 T B =
< £z Sz < = L ES -
(€102) @njeA suljeseq x (81.0¢) eewyso sadx3y (€102) enlen auljeseq x (8102) @rewnse spadx3y
810z ul Ayoedeo oly1oads apouy 810z ul Ayoedeo oyoads spoyie)
O (@]
8 0 810z z ubiseq 810z } ubiseq 0o 8 o o 810z g ubiseg 810z | ubiseq o O
= SN 14 oz 3 2 o
5 O oz MSXHWWXXW X X wovm
g 0 TR T 12 % 8o = H = 09 ®
3 03156 B¢ g e 08 3 S g = R
(9] (0] < <
% 0ol 0ol % - m m mmm m m m m mmm m m m -~
— m m m m m m m m m — > L U Uy g ool >
3 g 38 8 3 g 3 8 ¥ % 3 =) 233 2833 06 o 233 %88 3 o >
=. =1 =1 =4 =1 O =1 a =4 a =. ~ A 32 42 32 732 &2 3 3 3 = N R R R e R R § ~
Q - T m > - < T @ 3> Q rexImoo®w>®» C o ITMOO® >
S S 3 &5 2 S 5 5 & @ S 28Co0RE2E C°CQo0RERE
= L L 2z £33 £3 T
(£10Z) @njen suleseq x (81.0z) erewnss syedxg (€102) @njen auljased x (8102) s1ewnss syadx3

810z Ul ssauoly) Buneos apoyed apis ajbulg 810¢ u sanoede |18



99

*(D) Ansnpur SupNsuod 9} WO 0 (SWHO) sFormdejnuew Juawdmba purdio apmyoa
¢ Ansnpur £39118q 91 WOIJ FOUYIID 978 $IIOAX(] "PIZIFLWWNS OS[E ST SUSISIP ([ SSOFIE P[OIA [AD[-[[9D [[BIOA0 U} PUL ‘SUSISIP 0M) dU3 JOF $918F deIds [ErFoIeW 9ANOE
I pu! q°4 3 4N d 'pa7t [e ST SUOSISIPp ] PIRPIA [PASP2 T P 1S9p 3 103 [et :
YT, T -p d1qe,L, Ul poygnads ur paygads suSisop oml 9y3 J0J 95UBYD ABW MOPUIM JUI[9SE] SUIMS 93718Ud-J0-21e1s o1} M0y uo uorurdo 130dxd Jo Arewmung :g - 2INS1,]

€102 gL0z zubiseg ¢loz zubiseg  glLoz L ubilse@  €L0z | ubiseQ

0 0 o O 0 ®
< 0z 0z X m mH H H H S 3
o 2 5 o o °
S of or & 3 3
- Q) —
S 09 0% & st sh @
> o8 H I v = ¥ 023
—~ (=)
< I - T I X £ g sz~
~ 00} +F | 00} 0e 0e
m m m m m m m m
x x x x x x x x mmmmm mmmmm mmm Mm m mmmm m
° e} © el el el © el X X X X X X X X X X X X X X X X X X X X
(0] @ (0] (0] (9] @ (0] (0] T T U T T T T T T T T T T T T T T T T T
= =% p=1 =5 = =1 p=1 p=1 ® ® ® ® @ ® ® ®@ ® @ ® ® ® ® @ ® ® ® ® @
jas x < T o o o > A 3333 A 3333 A 3333 A 3333
3 53 8 B = % T ® LTow>» DTO®>» CDIO®X T IOODX®
= e 2 fFom & &2 00%2% 00®22 O000TE O0BRE
< T m= = = m= = me = <= ms = <=
= 2 £ £ = =
€102 Ul 8jel plalA |9A8|-||90 |[BIaAQ ajel deios |eusjew aAlOY
810z ¢ ubiseQ 810z | ubiseQ
%om wmﬂoa
e} O
o OF or ¢
2 09 09 =
=1 | =}
@ BIXXEEXIEXH wxfhkxxKxx08a
3 001 = 00178
R S
D) mmommmMmMmMMmMmMMmMQmMmmMm mmommmmMmMmMmMmMmQmMmMm <
X X X X X X X X X X X X X X X X X X
T T T T T T T T T T T T T T T T T T
® ® ® ® ® ® ® ® @ ® ® ® ® ® ® ® @® @
A 2 F & 3 F 34 3 3 A 2 F 7 3 F 3 3 3
r e I TMOO WX r e I MO0 W >
\))O\Ino“uo\l)\/ \))O\Imobo\l)\l
/Ob(_.o_._a_._._%mm bb(msamm%
ETB ETB

(€£1.02) @njen suljeseq x (8102) ﬁme_mm s,Madx3
810z ul Buims Dos



L9

8102 £q sySnoxyseasq oN e

£nsruoys YON 3023000 IN Iy mﬁw N yonod Iy OXDNN SBEWSH Al 01
YSIY qaIm 230INJ UT JUBUTWOP WO0I9q [[IA UED [E}UW B U [[2D PUNOM DNEWSHH] e oI VON
810¢ £q 2andnisip oq Aewr eIAUY Aq Y10 e
SIAIND 3SOD OMHHUAOUUH »»‘NE wU@CCd ﬁm o . . . . . B AUV Iz

‘YSnoryIeaIq v oq ued
S[[92 wOI-T' 98e3joA YSIy 1eys puokaq ‘Q10z £q YSnoIyIeaIq [ed130[0uy9) ON e y - yonog ny - yonog (X}
8102 £q dn 03 i sonedes 07) e

8102 £q sySnoIyIeaiq [ed130[0UYIAN ON e
suSisap g1(g JO 2aneIuasardor suSisoq e v ) ekl v ) SR ©1
*SUOIINW
0071 01 dn £q sassoud1IY) SUPLOD DPOIIIID Y VT ISEIIIUT PUL SIPOFIID
9} JO UONEDFISUIP JO SWI U SIUDWIA0FdWT SULMIdEINUEWw 1ULdFIUSIS
PUE S[EII2IEW 9POFIII[O UT $AZULYD AFLUONN[OAD [BAUEISqNG 'SYSNOIYINEII| ON e ny HXONN yonog v XN onEwsEg (WH0)
syoed
YMN9T-C1 Aq pareurwop aq [[im 333N '810¢ £q £1oeded /9218 [[90 UT 95LIIOU] @
8107 £q SAHH 23ues 1oySiy spremol Jiys e

‘syuowasoxdwr £19§es 3910 pue sopoue Leded 1oydiy

pasozdur ‘soifjonsopo paroxdwr apnppur 10z £q SYSNOIYIEIq [EIISO[OUYID], e ny 9-OIW'T yonogq ny 9-OWT yonog MMMMW
syuowoAoxdwr [LIuWwRIdUT YA suSIsop (7 JO 2anvIuasardor sudisa(] e S
8107 4q susnorqraiq N e Wvo“ww dPEWSH ] M@MMMV dNEWSJ (I1g9)
8107 £q Sur002 2ATOL IO ® pmbrp . : : - . : :
wieamsurews J0u St M::OOU ny [} A%.M&OQDv \JUSO&, A»@H@ﬁvv \QUDOAM ERAY
’ o ’ O-XDINN O-XDINN
‘8102 £q Ansywoayd
1192 ut stuawAoxdw [[ewS ()Z0g 230J2q SYSNOIYINEaIq [EI30[0uydl ON e B = TP S B ST S a5
(OTAHHA %240 0y AHH) SAHHd
98ues oySIY SpIEMO) 230W PIYS ‘SUTISIP G JO 2ANLIUasardos suSsoq e
8107 £q £erd oyur swod Lewr syorpedes-rodng o
SUSISIp Q10 JO 2ANLIUIs23dos SUSISO(T e i . wred v . wnod D g
‘8102 4q Lerd oyur swoo Lewr SOPOUE PUE SIPOYILI fipedes S e spoue
'SUSISOP Q1 () JO 2ANLILs23doT SUSISO(] W OONT Prod s AeuLIN-IT Prod (a) v
. (gonog @ (newsuq
suonsanb papus uado 03 sasuodsay pue SIUIWWOY) /$3ION QMQ svq) (9-OW'T -aseq) ”wmev (©-ONN aseq) Hodxd
urj00 1958 :ase
V_Mwmu \Aﬁmﬁamvﬂu J0100§ Burjoo) %SEEMVJU J03085
: wiroy [[3D speq : w0y [[9)
zudrsoq Tusisaq

*SIUDWIWIOD PUE $II0U JOUIO0 (PIM SUO[E PIZIFBWns Uddq OS[e ALY Pud oy I& suonsonb papuo-uodo oy 03 sosuodsax oy T, -owres
ot 31 3doy 139dx0 o3 woyM 01 pasoddo se woyy paSueyd 139dX0 9yl UIYM JOJ PIPOD JO[OD S[[93 I PUE PIISI U] ALY SUSISIP oY) UT Pargdads onfea 9seq YT, "§10T
£q ‘1 -p 91qe I, ur poyroads ‘zuSiso(] put [USISo(T 50§ $1800 Suprmioeynuew 5odedyd UT INsF Aew eyl USISOp oy Ut sadueyd uo uorurdo 130dxo Jo Arewwing :¢ - d[qe],



89

'spunoq yomof pue 3oddn oyp s1u0sordos our] panop oy YA dneA Iseq Y1 sIuasardor aur Prjos Ay T,
*SOUI[ [PIUOZIFOU oN[] O AN UMOYS 939M $9FUeI oY ], [oPOW 1800 913 03 sInduf st pasn 93om $139dxo o3 WwoiF paird siuowdoPAdp udisop oyl ‘g1(g 50,1 "Aprus s
ur padopoAdp [opour 1500 paseq $$9203d oy FuIsn pale[noEd $150d 9yl 03 $1502 ded A3011eq 7 USISO(] PUE | USISI(T F0F sALWNSI $139dxd Jo vosedwo)) 19 - I3y

pa1lolf@ S11S00 Yolym Joj Jeak pue ubiseq

8Loze cm_wm_n_ _€loze c@wo_n_ w_EN_E@_mm_o

€10z Lubiseg
O | I TR TR T M| | I TR N N R | | I TR TR TR [ M R W TR S RS S S O
[ |
o m il il L ¥ L O
S 005 _ M_ m mm T m 005 §
wn ~—
— —~
— m Cd
bd . S
= 000} A -oooFM
= 5
5 :
2 B
o 00S'L - .oom.vw
3 @
[0} gl
° o
=8 000°C - 1 - 000C@
e ~—"
-
0052 00S°C

mmmmmmmmMm omm o mmmmmMm momomommmmmMm ommmommmmmMmMm

X X X X X X X X X LW IX X X X X X X X X X X X X X X X X X QO IX X X X X X X X X

T © T T ©T T T T T X T T T T T T T T T T T T T T T T T X T T T T T T T T

® © ® ®© ® ®© ® d® @ =0 ® ® ®© ® ® ® ® @ ®© ®© ®© & ®© ® ® @ D =0 & ®© @ © ® ® © @

A 3233333323 0|2 2333333223 A 3333343323 /73333343323

rCe T I MO0 W> sl T Mmoo w > rCe T I MO0 wW> sl e Z T Mmoo w >

0002 T L0003 2*2TTET 0O00LPemFrTE ool T®

~ = %93%00 ~ = %93%00 ~ = %O_._._mlmll\{lx ~ = %93%00

£ETT =TT ST T ST T

[BAS-MOBdm  [9AS[HI8D

8]ew)se Jo 80IN0g



4.6 Conclusion

An expert elicitation of current and future Li-ion battery cell and pack cost, and designs for personal
vehicle electrification was performed. Cost estimates when the expert was free to assume any battery
pack design for a PHEV10, a PHEV40, and a BEV100 was in agreement with the costs reported in
the literature. Once the designs were specified the experts’ cost estimates did not change. Experts’
design specific costs were in some agreement with the costs calculated for the designs using the
process based cost model. For the experts who provided design specific costs, for Design1; they
scaled their cost estimates from PHEV10 and PHEV40, while for Design2; their cost estimates were
the same as the costs for the BEV100. More experts chose the pouch cell to result in cheaper pack
costs in 2018 and almost all of the experts opted for air-cooling in 2018. Expert opinion on the
cheaper chemistry in 2018 seemed to lean towards versions of NMCx-G while some choosing other
chemistries. Active material scrap rates varied from 7-20% in 2013 and improved to 7-15% by 2018.
The overall cell-level manufacturing yield was seen to be between 82-98%. The experts agreed
unanimously that no technological breakthroughs are expected by 2018 with only incremental
improvements. Three of the experts indicated a shift towards higher capacity cells with one of them
indicating significant manufacturing improvement resulting in cells with higher electrode coating
thicknesses. It was seen that none of the experts changed their cost estimates once they were
introduced to process step parameters like scrap and yield rates.

4.7 Limitations

The elicitation only includes one expert from vehicle OEMs and hence is not representative of what
OEMs think about the future of Li-ion batteries may be in the near future. An effort was made to
reach out to more OEMs but without success. Also, although there were about 12 experts in total,
not every expert was familiar with the different questions. For instance only two experts commented
on the variation of the overall cell-level manufacturing yield as a function of the cell capacity and the
cathode coating thickness.
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5. Policy Implications

Results from the analysis presented in this work indicate that economies of scale for Li-ion battery
manufacturing costs for prismatic pouch cells can be reached at an annual production volume of
about 200MWh (~8,333 of the battery packs installed in a Nissan Leaf, each about 24kWh). In other
words, at this production volume, the average cost of production of a battery pack will be equal to
the marginal cost to produce an additional battery pack. Economies of scale at such a low
approximate volume suggests that if true, significant volume-based cost reduction for existing Li-ion
battery manufacturing may not be seen in the near future and should be kept in mind while devising
strategies to incentivize and promote the adoption of electrified vehicles unless accompanied by
significant improvements in the technology and the manufacturing capabilities. However, we do not
account for learning effects which may result in additional cost reductions.

In the recent past, aid has been made available to some battery manufacturers in the form of federal
grants. For instance, A123 systems received federal aid to the tune of around $249 million.
However, A123 systems posted losses for twelve quarters and was subsequently acquired by the
Chinese company Wanxiang Group Corporation [1]. Enerl, another federal grant recipient of about
$118.5 million filed for bankruptcy earlier this year [2].

Incentives at the individual level come through the American Recovery and Reinvestment Act
(ARRA) of 2009, which provides rebates for individuals who opt for certain PHEVS to alleviate to
some extent the burden of the high- cost batteries. Incentives are based on the capacity of the
battery installed in the vehicle as can be seen from the following excerpt:

“Section 30D provides for a credit for certain new qualified plug-in electric drive motor
vehicles. The credit is equal to the sum of: (1) $2,500, plus (2) for a vehicle which draws
propulsion energy from a battery with at least 5 kilowatt hours of capacity, $417, plus an
additional $417 for each kilowatt hour of battery capacity in excess of 5 kilowatt hours.”

-US Internal Revenue Service [3]

The findings of this dissertation with respect to the economies of scale being reached at relatively
lower volumes could be one of the factors contributing towards some companies performing
poorly. And if true, future investments into battery companies may not result in cost reductions
beyond a certain production volume. Car manufacturer Tesla, on the other hand, who was awarded
a federal loan of about $465M was able to pay back the loan nine years ahead of schedule [4].
However, Tesla manufactures high-end cars using thousands of 18650 cells that were already being
widely used commercially in laptops and other electronics. Costs of 18650 cells have come down
from $3,170/kWh in 1991 to $200/kWh in 2011 [5]: almost a 95% drop in 20 years. While such
improvements have been predicted to be likely for prismatic cells as well (NRC/NAS study), our
results indicate that such reductions in cost is unlikely from volume alone without significant
improvements in terms of the current state of the technology and manufacturing capabilities.
Experts from the industry unanimously agreed that improvements in the next five years would be
incremental and unlikely to be disruptive.
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So, based on findings of this dissertation that economies of scale alone don't appeat to help reduce
cost beyond a relatively small production volume, and experts think that innovation won't be
paradigm shifting by 2018, if policymakers want to "get over the hump" by subsidizing battery sales
in order to get costs down, this will only be effective on volume grounds until about 200MWh. After
that, it may be that other factors such as innovation and learning will have more influence on future
costs. Previous work by Michalek et al. has shown that it may be socially more beneficial to
subsidize a greater number of battery packs for HEVs and PHEV20s, given a fixed budget, than a
smaller number of PHEV60s and BEV battery packs [6]. In the light of the findings from this
dissertation and Michalek et al.’s findings, it seems that incentivizing smaller battery pack
manufacturers to pay for the cost of capital equipment could be warranted, but that tops out at
about 200MWh/year, and gains above that level will likely need to come from technology and
design innovation (or possibly innovative manufacturing processes).

Furthermore, results from this dissertation have also shown how manufacturing costs may be
optimized for different applications using cells of different designs, particularly by focusing on an
optimal electrode coating thicknesses and cells of higher capacities. Given that economies of scale
may be reached at relatively low volumes, application-specific cell designs may be one way of
reducing battery pack costs by manufacturers. However, there may be issues with respect to capacity
fade when thicker electrode coatings are used which have not been addressed in this work. As more
information becomes available on the quantification of capacity fade resulting from thicker electrode
coatings, a more informed decision on the optimal coating thickness could be made.

73



5.1

References

Bloomberg News article, 10 Aug 2012, “Chinese Rescue of Battery Maker Saves U.S. Jobs, CEO
Says” http:/ /www.bloomberg.com/news/2012-08-09/a123-rescued-by-china-firm-draws-
scrutiny-on-startup.html, accessed 15 Dec 2013

CNN Money article, 26 Jan 2012, “Battery maker Enerl, a DOE grant recipient, goes
bankrupt”, http://money.can.com/2012/01/26/technology/enerl_bankruptcy/index.htm,
accessed 15 Dec 2013

Internal Revenue Services, 2010, “Energy Incentives for Individuals in the American recovery
and Reinvestment Act,” US Gov., http://www.its.gov/newsroom/atticle/0,,id=206875,00.html
accessed 12 Oct., 2010.

Time Business and Money article, 23 May 2013, “’Loser” No More: Tesla Repays $465 Million U.S.
Loan”, http:/ /business.time.com/2013/05/23 /loset-no-more-tesla-repays-465-million-u-s-
loan/, accessed 15 Dec 2013

National Research Council, 2013, “Transitions to Alternative Vehicles and Fuels” The National
Academies Press, Washington, D. C., 2013.

Michalek, J.J., Chester, M., Jaramillo, P., Samaras, C., Shiau, C-S. N., and Lave, L.B., 2011,

“Valuation of plug-in vehicle life-cycle air emissions and oil displacement benefits”, Proceedings
of National Academies of Sciences, 108 (40), pp. 16554 — 58.

74



Appendix A-List of abbreviations, variables, and parameter values

Abbreviations
AER All Electric Range
ANL Argonne National Laboratory
BDS Battery Design Studio
BEV Battery Electric Vehicle
DoD Depth of Discharge
EV Electric Vehicle
GHG Green House Gas
HPPC Hybrid Pulse Power Performance
LFP-G LiFePO4-Graphite
LMO-G LiMnO4-Graphite
NMC-333 LiNio33Mn0.33C00.3302-Graphite
PBCM Process Based Cost Model
PHEV Plug-in Hybrid Electric Vehicle
PSAT Powertrain Systems Analysis Toolkit
SoC State of Charge
UDDS Urban Dynamometer Driving Cycle
USABC United States Advanced Battery Consortium
USCAR United States Council for Automotive Research
Variables
Variable Description Units
C_?(;JT Aggregate annual cost of production of one acceptable unit. $
Annual cost of one acceptable unit with respect to an element a,
CI?U where o € (materials, labor, energy, equipment, tooling, building, $
and overhead)
CPACK Aggregate annual cost of production of one acceptable battery 5
TOT pack.
ALL Annual cost of an element a, where o0 € (materials, labor, energy,
Ca equipment, tooling, building, and overhead), for all units, $
including acceptable and unacceptable units.
EPSAT Minimum energy required from the battery pack of an EV-x, \Wh
EV-x calculated using PSAT.
EPACK Pack energy. kWh
SPEC . . . .
E NMC333 Specific energy capacity of the cathode active material: NMC333 mAh/g
mACT Mass fraction of active material in the cathode. -
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PBDS*HPPC 10-sec HPPC cell power calculated using the power meta-model W
cell constructed using BDS simulations.
PPIZIC)kS HPPC 10-sec HPPC pack power kW
PSAT Minimum 10-sec power requitement from the battery pack for an
EV-x EV-x, calculated using PSAT.
V/\IZ\ZCG3 3 Average discharge voltage of NMC333 \Y%
x<T Single side cathode coating thickness pm
B Number of bicell-layers each cell -
KV Width of the cathode mm
xN Number of cells in a module -
M Number of modules in a pack -
x© Capacity of a cell Ah
yPvoL Annual production volume of good and acceptable parts after all i
n process steps e
X E-Vor Effective production volume of the last (n™) process step. units
n
X i%VOL Effective production volume of step /+1. units
Y AR Aspect ratio of the electrode -
X ;:ZERGY Capacity of the annual number of battery packs manufactured. kWh/year
PACKS N
X o Annual number of battery packs manufactured. packs/year
XP/E Power-to-energy ratio of the battery pack -
Yi Yield of process step 4 %
Y Yield of the nth process step. %
Pt Density of the cathode. g/cc
Parameters

Parameter Value
a 2E-9
2
149
0.281
2
8.98E-6
1.3259
2
1.6976
233.3
27.129
191.2

R N S R N N N
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Appendix B-Additional chemistries tested using Battery Design Studio®
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Figure B- 1: Comparison of the discharge curves at different C-rate discharges for AA Power Corporation’s 4Ah
LiMnNi cells. The discharge C-rates and the corresponding currents have been specified for each. The discharge rates
were selected based on information in the manufacturer’s data sheets to facilitate the comparison.

4 1.9C (5A)
S 3.5
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K2 Energy (obtained from AA Power Corporation) 2.6Ah LFP cells

Figure B- 2: Comparison of the discharge curves at different C-rate discharges for K2 Energy’s (obtained from AA
Power Corporation) LiFePOy cells. The discharge C-rates and the corresponding currents have been specified for each.
The discharge rates were selected based on information in the manufacturer’s data sheets to facilitate the comparison.
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Table B- 1: The difference between the total delivered energy (Wh) calculated from integrating the discharge curves

from the manufacturer, and from the laboratory as a percentage of the total delivered energy calculated from the
discharge curve simulated using BDS

Manufacturer’s Laboratory
Specification Sheet Results
AA Power Corporation
LiMnNi Cells
C/5 (0.8A) 65 59
2C (84) 9.5 7.4
2.5C (104) 13.0 5.7
3.75C (154) 12.8 4.3
K2 Energy LFP Cells
1.9C (54) 12.9 4.4
7.7C (20A) 24.5 0.2
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