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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 
LiNi0.33Co0.33Mn0.33O2/LixC6 (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 paper1. 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 were compared 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 
performance simulations for many applications. 

Chapter 32 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 43 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 

                                            
1 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 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 

3 Sakti, A., Azevedo, I., 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.  Design1 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.  
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2.  A validation study of Li-ion cell constant C-rate discharge simulation using 
Battery Design Studio®1 

2.1   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]2, 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 et al. 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 et al. 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 

                                            
1 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. 
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manufacturer’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 et al. 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 et al. 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 et al. 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 LiNi0.33Mn0.33Co0.33O2 cathode active material chemistry1 and a 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, ii) 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.  

 
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 (current, potential and temperature) models were used. 

 
                                            
1 Two more chemistries with the following cathode active materials: LiFePO4 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 
(LiNi0.33Mn0.33Co0.33O2). For more information, please see Appendix B. 
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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 LiNi0.33Co0.33Mn0.33O2 [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, XL30). 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 
LiNi0.33Co0.33Mn0.33O2 was calculated using the lattice dimensions reported by MacNeil et al. [17] and 
was found to be approximately 4.7g/cm3. 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/cm3. In the case 
of the anode, a coat density of 1.9 g/cm3 was measured and the default graphite density of 
2.25g/cm3 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. 

 

 

Figure 2- 2: X-ray diffraction data collected from the cathode material has been shown in (i). X-ray diffraction data of 
LiNi0.33Co0.33Mn0.33O2 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 LiNi0.33Co0.33Mn0.33O2. 

 

    
(i)                (ii) 
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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 LiPF6 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 LiNi0.33Co0.33Mn0.33O2 was seen to be in general 
agreement with what has been reported in the literature for Li[NixCo1-2xMnx]O2 (0≤x≤1/2) [17]. The 
theoretical capacity of LiNi0.33Co0.33Mn0.33O2 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 et al. for Li[NixCo1-

2xMnx]O2 (0≤x≤1/2) [17].  
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Figure 2- 4: Equilibrium potential curves used in Battery Design Studio® for the LiNi0.33Co0.33Mn0.33O2/LixC6 system. 

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

Cell   
Weight (g) 42 (+/- 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 
XRD) 

LiNi0.33Co0.33Mn0.

33O2 
graphite 

Active material density  
(g/cm3) 

4.7 -* 
Single side coat thickness 
(mm) 

0.15 (+/- 0.01) 0.14 (+/- 0.01) 
Collector thickness (Al) 
(mm) 

0.014 (+/- 0.001) 0.016 (+/- 
0.001) Coat density (g/cm3) 3.0 (+/- 0.1) 1.9 (+/- 0.1) 

      Particle radius from SEM 
(µm)  

0.98 (+/- 0.05) 7.78 (+/- 0.05) 
*The default density value of 2.25g/cm3 was assumed, which was found to be similar to what has been reported 

elsewhere in the literature [16] 
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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) (cm2/s at 25°C) 3E-11 6.74E-11 
Active material lithium site concentration before formation  

(used to calculate the stoichiometry) (mAh/g) 
275 370 

Resistivity (Ωm2 at 25°C) 6E-3 0.5 
Reaction rate constant (mA/cm2) 1.08E2 2.02E-01 
Electrode conductivity (S/cm) 100 100 
Tortuosity (Bruggemann Exp) 1.25 1.9 

Other Parameters  
Initial salt concentration, LiPF6 in EC:EMC (M) 1.0 
Electrolyte density (g/cm3) 1.25 
Separator material (polypropylene) density (g/cm3) 0.65 
Aluminum density (g/cm3) 2.7 
Copper density (g/cm3) 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 0.01Ah1. 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 lower. 
                                            
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 
cells1, 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 
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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 
Results 

Manufacturer’s 
Specification Sheet Laboratory Results 

Discharge Rate 
(Current) 

Capacity 
(Ah) 

Energy 
(Wh) 

Capacity 
(Ah) 

Energy 
(Wh) 

Capacity 
(Ah) 

Energy 
(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 2.13 (1.4) 7.80 (-0.1) 2.05 (-2.4) 7.53 (-3.6) 
1C (2.05A) 2.09 7.68 2.04 (-2.4) 7.35 (-4.3) 2.02 (-3.3) 7.26 (-5.5) 
2C (4.1A) 2.08 7.41 2.03 (-2.4) 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 
Results 

Manufacturer’s Specification 
Sheet Laboratory Results 

Discharge 
Rate 
(Current) 

Capacity 
(Ah) 

Energy 
(Wh) 

Capacity 
(Ah) 

Energy 
(Wh) 

Avg. (Max) 
V diff. (V) 

Capacity 
(Ah) 

Energy 
(Wh) 

Avg. (Max) 
V diff. (V) 

C/5 
(0.41A) 1.26 4.79 1.28 

(1.6) 
4.80 
(0.2) 

-0.03 
(-0.05) 

1.26 
(0.0) 

4.72 
(-1.5) 

-0.04 
(-0.05) 

C/2 
(1.03A) 1.26 4.75 1.28 

(1.6) 
4.76 
(0.2) 

-0.03 
(-0.05) 

1.26 
(0.0) 

4.66 
(-1.9) 

-0.05 
(-0.07) 

1C (2.05A) 1.26 4.69 1.28 
(1.6) 

4.66 
(-0.6) 

-0.06 
(-0.08) 

1.26 
(0.0) 

4.58 
(-2.3) 

-0.06 
(-0.09) 

2C (4.1A) 1.26 4.57 1.28 
(1.6) 

4.54 
(-0.7) 

-0.07 
(-0.07) 

1.26 
(0.0) 

4.44 
(-2.8) 

-0.09 
(-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 
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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 
electrification1 

3.1   Background 

Electrified vehicles (EVs), like plug-in hybrid electric vehicles (PHEVs) 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.: LiMn2O4, 
LiFePO4, LiNi0.33Mn0.33Co0.33, 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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No spec, Pesaran et al. 

PHEV-10, Kromer & Heywood, 2008 
PHEV-30, Kromer & Heywood, 2008 
BEV-X, Kromer & Heywood, 2008 
No spec, Ton et al., 2008 
No spec, Frost & Sullivan, 2009 

PHEV-10, Plotkin & Singh, 2009 
PHEV-40, Plotkin & Singh, 2009 
PHEV-X, BCG, 2010 
BEV-X, Plotkin & Singh, 2009 

PHEV-10, Plotkin & Singh, 2009 
PHEV-10, NRC/NAS 2010, 2010 
PHEV-40, Plotking & Singh, 2009 
PHEV-40, NRC/NAS 2010, 2010 
PHEV-X, NRC/NAS, 2013 
BEV-X, Plotkin & Singh, 2009 
BEV-X, NRC/NAS, 2013 
No spec, Frost & Sullivan, 2009 
No spec, Baker et al., 2010 

BEV-X, McKinsey (price), 2012 

PHEV40; Chevy Volt (NRC/NAS), 2013 
BEV-73; Nissan Leaf (NRC/NAS), 2013 

PHEV-10, Plotkin & Singh, 2009 
PHEV-40, Plotkin & Singh, 2009 
PHEV-X, Anderman, 2010 
PHEV-X, NRC/NAS, 2013 
BEV-X, Plotkin & Singh, 2009 
BEV-X, Anderman, 2010 
BEV-X, NRC/NAS, 2013 
No spec, Frost & Sullivan, 2009 

No spec, Ton et al., 2008 

PHEV-10, NRC/NAS 2010 
PHEV-20, ANL, 2010 
EREV-20, ANL, 2010 
PHEV-40, NRC/NAS, 2010 
EREV-40, ANL, 2010 
PHEV-X, Anderman, 2010 
PHEV-X, BCG, 2010 
BEV-100, ANL, 2010 
BEV-X, Anderman, 2010 
BEV-X, McKinsey (price), 2012 

BEV-X, McKinsey (price), 2012 

PHEV-10, Kromer & Heywood, 2008 
PHEV-10, Plotkin & Singh, 2009 
PHEV-10, NRC/NAS, 2010 
PHEV-30, Kromer & Heywood, 2008 
PHEV-40, Plotkin & Singh, 2009 
PHEV-40, NRC/NAS, 2010 
PHEV-X, NRC/NAS, 2013 
BEV-X, Kromer & Heywood, 2008 
BEV-X, Plotkin & Singh, 2009 
BEV-X, NRC/NAS, 2013 

PHEV-10, Plotkin & Singh, 2009 
PHEV-40, Plotkin & Singh, 2009 
BEV-X, Plotkin & Singh, 2009 

PHEV-10, Kalhammer et al., 2007 
PHEV-10, CARB, 2009 
PHEV-20, Kalhammer et al., 2007 
PHEV-20, TIAX, 2010 
PHEV-40, Kalhammer et al., 2007 
PHEV-40, CARB, 2009 
BEV-60, Kalhammer et al. , 2007 
BEV-75, CARB, 2009 
BEV-100, Kalhammer et al., 2007 
BEV-100, CARB, 2009 
BEV-100+, CARB, 2009 

0 20
0 

40
0 

60
0 

80
0 

1,
00

0 

1,
20

0 

1,
40

0 

1,
60

0 

0 

20
0 

40
0 

60
0 

80
0 

1,
00

0 

1,
20

0 

1,
40

0 

1,
60

0 

20
07

 
20

08
 

20
09

 
20

10
 

20
12

 2
01

3 
20

15
 

20
18

 
20

20
 

20
25

 
20

30
 

20
45

 
N

o 
ye

ar
 

Ty
pe

 o
f v

eh
ic

le
, s

ou
rc

e 
of

 e
st

im
at

e 
an

d 
pu

bl
ic

at
io

n 
ye

ar
 

Va
lu

es
 a

dj
us

te
d 

to
 2

01
3 

do
lla

rs
 

Cost ($/kWh, nameplate), unless spefied otherwise 

Cost ($/kWh, nameplate), unless specified otherwise 

Ye
ar

 fo
r w

hi
ch

 c
os

t i
s 

es
tim

at
ed

 

C
el

l-l
ev

el
 

M
od

ul
e-

le
ve

l 
P

ac
k-

le
ve

l 



 
 
 
 
 
 
 
 

17 

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 
(higher power-to-energy ratio) 

Thicker electrode battery pack 
(lower power-to-energy ratio) 

Cost per kWh Higher Lower 
Typical application 

suitability 
Transient energy storage/higher 

power (HEV, PHEV20 etc) 
Higher energy storage 

(PHEV60 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 power, 
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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: 

 

where, is the cost of the installed equipment or the usage of labor and plant floor-space for the 
baseline processing rate of associated with the baseline production volume of 100,000 packs per 
year. is the new cost or usage value associated with the new processing rate . is the power 
factor used to scale the cost for that processing step. 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. 

Limitat ions o f  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. 

 

C = C°(R / R° )
p

C°

R°

C R p
p



 
 
 
 
 
 
 
 

20 

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: 

CTOT
AU = Cα

AU

α
∑           (1) 

Cα
AU =Cα

ALL / X P_VOL

         (2)  

CTOT
AU

 is the annual total cost of production per acceptable unit, Cα
AU  is the annual cost of an 

element α  where α ∈{materials, labor, equipment, tooling, building, and overhead}, and   X P_VOL is 
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 

Xn
E_VOL = X P_VOL /Yn  (3)

Xi
E_VOL = Xi+1

E_VOL /Yi    ∀i ∈[1,..., n-1]  (4) 

where Xn
E_VOL is the effective production volume required from the nth process step with a step 

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

the nth process step. Thus, the effective production volume from each process step i, Xi
E_VOL  is 

calculated using Equation 4 where Xi+1
E_VOL is the effective production volume for the process step 

i+1 and is the yield of the process step i. 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 P_VOL  from 

Equation (3) above is set at 20,000 battery packs, nY is set at 100% and so Xn
E_VOL is equal to X P_VOL

. 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 

Yn

Yi
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processing rate per machine is considered as undedicated. When a process step is considered undedicated 
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  
Auxiliary 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  Variab le s        
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 
parameters 

  
     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 yrs 
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 
 

Decis ion 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: 

CTOT
PACK = f (xCT , xBCL, xCW, xN, xM)  

whereCTOT
PACK is the annual cost of manufacturing a battery pack, is the thickness of the cathode 

coating on a single side of the collector, is the number of bicell-layers in a cell, is the width 
of the cathode, is the number of cells in a module, and 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.  

 

xCT

xBCL xCW

xN xM
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Table 3- 5: Decision Variables used to completely define the battery pack. 

Symbol Description Domain Units 

 Single side cathode coating thickness [25, 200] µm 

 Number of bicell-layers each cell [5, 645*] - 

 
Width of the cathode [50, 250] mm 

 Number of cells in a module [5, 50] - 

 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 
the anode 0.95 - 

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 25µm to 200µm with intervals of 25µm 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): 

Pcell
BDS_HPPC = f (xCT, xC )          (5) 

where Pcell
BDS_HPPC is the 10-sec maximum power capability of a cell calculated and 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: 

xCT

xBCL

xCW

xN

xM

xC
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xC = a(xCW )b xBCLxCTX ARmcat
ACTρcatENMC333

SPEC
        (6) 

where, ARX  is the aspect ratio, mcat
ACT is the mass fraction of the active material in the cathode, and is 

ENMC333
SPEC the specific capacity of the cathode active material in mAh/g. For a complete list of the 

variables and parameters, please see Appendix A. 

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 (VNMC333

AVG ). 
Mathematically, we have 

EPACK = xNxMxCVNMC333
AVG

         (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. 

 

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 et al.’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) ($/hr) 15 18 25 
Price of Building Space ($/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 

 

 

Battery Pack Design Specification 
Energy (kWh) 6.8 
Chemistry NMC333-G 
Number of modules 6 
Cathode Width (mm) 92 
Bicell-layers 21 
Number of cells per module 6 
Capacity of each cell (Ah) 50.8 
Coating Thicknesses 

Cathode (µm) 140 
Anode (µm) 133 
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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. 

 

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. 

 

 



 
 
 
 
 
 
 
 

27 

 

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

 
 

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

Step Process 
Parameter 

Base 
Value 

Lower 
Bound 

Upper 
Bound Notes 

Dry-room 
Control (Air 
Locks) 

Rate 
(m^2/m^2 dry 
room area) 

0.03 -25% +25% 

ANL’s BatPaC’s base 
rate: 100m^2 for an 
operating areas of 
3000m^2 

Formation 
Cycling 

Batch Size 
(cells/cycler) 500 -25% +25% 

From ANL’s BatPaC. 
Each equipment costs 
about $850K 

Battery pack 
assembly 

Processing 
Rate 
(packs/hour) 

6 -25% +25% From ANL’s BatPaC 

Positive 
electrode coating 

Processing 
Rate (m/min) 10 -25% +25% From ANL’s BatPaC 

Negative 
electrode coating 

Processing 
Rate 10 -25% +25% From ANL’s BatPaC 

Battery Pack 
Assembly 

Unplanned 
Downtime 20% -25% +25% 

20% unplanned 
downtime assumed for 
most process steps. 

 

 

 

-6 -4 -2 0 2 4 6 
Deviation from base case cost  

($/kWh, pack-level) 

Negative Electrode Coating- Processing Rate 

Battery Pack Assembly-Unplanned Downtime 

Positive Electrode Coating- Processing Rate 

Battery Pack Assembly (packs/hr) 

Formation Cycling-Batch Size 

Dry Room Control- Processing Rate 

-30 -20 -10 0 10 20 30 40 
Deviation from base case cost  

($/kWh, pack-level) 

Positive Electrode Active Material ($/kg) 

Separators ($/m^2)      

Battery Jacket ($/kg) 

Negative Electrode Active Material ($/kg) 

Negative Current Collector Foil: Al ($/m^2) 

Module SoC regulator/safety monitor ($/cell) 
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Table 3- 9: Values considered for the sensitivity analysis of the materials level prices reported in Figure 3- 4. 

Material Base 
Value 

Lower 
Bound 

Upper 
Bound Notes 

Positive electrode active material 
(NMC333) ($/kg) 31 31 53 From ANL’s BatPaC 

Separators ($/m^2) 2 1 2.9 From ANL’s BatPaC 
Negative electrode active material 
(Graphite) ($/kg) 19 17 23 From ANL’s BatPaC 

Module SoC regulators and safety 
monitors ($/cell) 2.5 -25% +25% - 

Battery Jacket ($/kg) 7 -25% +25% - 

Negative current 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 ( ), and single side the cathode coating thickness ( ): 

Pcell
BDS_HPPC = xCTxC / (c + d(xCT )g − xCT ) − hxCTxC       (8) 

BDS_HPPC N M BDS_HPPC
pack cellP x x P=          (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. 

 
Figure 3- 5: Residuals for the cell-level power meta-model 

 

xC xCT
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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. 

(µm) (Ah) 
BDS 10s 

power (kW) 
Meta-model 10s 

power (kW) (µm) (Ah) 
BDS 10s 

power (kW) 
Meta-model 10s 

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 0.99 
Correlation Coefficient 0.99 
Maximum Error 0.03 
Mean Squared Error 0.00 
Mean Absolute Error 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.  

xCT xC xCT xC
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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, PHEV60 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 AER10. 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. 

 

 

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 
considered in this study: 

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

Minimize f (x)=CTOT
PACK

 

w.r.t x =

xCT

xBCL

xCW

xN

xM

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥

 where, CTOT
PACK is calculated for a set of values for , , , , and using 

the PBCM and then interpolated linearly. 

Subject to: 

Ppack
BDS_HPPC ≥ PEV−x

PSAT           (10)

EPACK ≥ EEV−x
PSAT

           (11) 
where EPACK = xNxMxCVNMC333

AVG , as shown in Equation (7)  

25 ≤ xCT ≤125 ; xCT ∈R           (12) 

5 ≤ xBCL ≤ 200 ; xBCL ∈Z                (13) 

50 ≤ xCW ≤150 ; xCW ∈R          (14) 

5 ≤ xN ≤ 50 ; xN ∈Z           (15) 

4 ≤ xM ≤ 22 ; xM ∈Z           (16) 

10 ≤ xC ≤ 60 ; xC ∈R           (17) 

where PSAT
EV xP − is the maximum 10-second power requirement and, PSAT

EV xE − 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 

xCT xBCL xCW xN xM
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interest is between 10Ah and 60Ah achieved by varying the cathode thickness ( ) from 25 µm to 
200 µm in intervals of 25 µm, the cathode width ( ) from 50mm to 150mm in intervals of 25mm 
and the number of bicell-layers ( ) from 5 to 645 in intervals of 5. However, 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 ( ), the number of cells per 
module ( ), and the number of modules per pack ( ) 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. 

 

 
 

xCT

xCW

xBCL xBCL

xBCL

xN xM

Variable Values Units 

 25:25:200 μm 

 5:10:645* - 

 50:25:250 mm 

 5:5:50 - 

 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.  

 

 
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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Figure 13: 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.  
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grid using MATLAB to interpolate the least cost design point for each of the EVs 
following the optimization formulation specified previously. For more information 
on the optimization algorithm, please see Appendix E.  

Table 16: Design decision variable values considered for the design 

grid.  

�
�

Variable Values Units 
 25:25:200 ȝm 

5:10:645* - 

50:25:250 mm 

5:5:50 - 

2:2:22 - 

*data was not collected for all values but only enough to interpolate 

between 10-60Ah (please see Figure 13 for an example) 
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�
Figure 14: 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. 

 

3.7.1  Sensitivity Analysis 

The robustness of the results using the base case assumptions was tested with a 
sensitivity analysis. Table 17 lists the different parameters that were varied in the 
sensitivity analysis and the associated lower and upper bounds that were used for 
the PBCM and the optimization routine. For the power optimization constraints 
the upper and lower bounds were varied 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. For the energy constraint, 
only the lower bound 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 
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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 varied 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 

1 Working days/year 300 360 240 
Base: ANL BatPaC. Lower bound: 
Assumed. Upper bound: Brodd 
2010. 

2 Direct Wage 
(w/benefits) ($/hr) 18 15 25 

Upper and lower bounds: Brodd 
2010, for skilled/unskilled labor. 
Base: ANL BatPaC 

3 Price of Building 
Space ($/m^2) 3000 1600 4000 

Base: ANL BatPaC. Lower bound: 
Anderman 2011. Upper bound: 
Assumed.  

4 Discount Rate 10% 6% 14% Assumed 

5 
Positive Electrode 
Active Material Price 
($/kg) 

31 31 53 ANL BatPaC 

6 
Negative Electrode 
Active Material Price 
($/kg) 

19 17 23 ANL BatPaC 

7 Separator Price 
($/m^2) 2 1 2.9 ANL BatPaC 

8 Electrolyte Price 
($/liter) 21.6 18 24.5 ANL BatPaC 

9 Scrap rate (%) Table 
7 -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 Cathode coating 
thickness 

125 
microns 

200 
microns 100 microns Based on expert opinion 

2 10sec EV-x power 
constraint (kW) Base -25% Base 

Base: PSAT simulation. Lower bound 
addresses future improvements that may 
result in lower power requirements like 
body light-weighting etc.  

3 EV-x energy 
constraint (kWh) Base -25% Base 

Base: PSAT simulation. The -25% reflects 
the future improvement in the mileage 
obtained from batteries. 

 

 

Addit ional Scenario-y ie ld variat ion as a funct ion o f  e l e c trode coat ing thickness and ce l l  
capaci ty  

 

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 

Data were collected using the PBCM for four 
scenarios 
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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  ( xC ). 
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 ( , an integer) and the cathode width ( ) to 
result in the higher cell capacities. The number of modules per pack ( ) 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 ( ) 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 Pack Cost 
($/pack) 

Specific Cost 
($/kWh) 

(microns)  (mm)   xC  (Ah) 

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 

PHEV60 7,412 245 125* 15 125 34 4* 60* 

BEV100 12,733 239 125* 15 124 41 6 58 

xBCL xCW

xM

xN

xCT xBCL xCW xN xM
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In order to relate the findings from the optimization model presented in Table 3- 16 to the real 
world, 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) 

Design Specification Sakti et al. PHEV40 
optimal design Chevy Volt 

Pack Cost ($/kWh) 264 500# 
Cell chemistry NMC333-G* LMO-G 
Cell capacity (Ah) 58 15 
Cathode coating 
thickness (microns) 125 - 

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 Council [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 compared 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.  

 

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): 

CTOT
PACK = j(X P/E )k + lX P/E + p          (21) 

where, P/EX is 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 (CostHigh Energy) and then using a scaling factor that is a function of 
the battery power-to-energy ratio given by: 

Battery Cost = (CostHigh Energy) 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 power-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): 

  CTOT
PACK = qX P/E + r           (23) 

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 
and Heywood, 2008 [12]) 

 
 
 
 

 

Figure 3- 13: Results from this study (Figure 3- 11) super-imposed on the results from Kromer and Heywood, 2008 
(Figure 3- 12) [12] 

 

Existing literature on cost as a function of the P/E ratio 
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Kromer and Heywood, 2008 

The estimated battery costs as a function of power-to-
energy ratio is shown in Figure 3; the present-day curve 
is based on the estimates from Ford Motor Company  of 
power-to-energy ratio cost multiplier [17], and the 
$300/kWh base cost from [16].  A complete summary of 
battery characteristics in tabular form for different vehicle 
configurations is included in Table 12.   
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Figure 3: Estimated battery specific cost as a function of 
rate capability. 

HYBRID-ELECTRIC VEHICLE (HEV) ASSUMPTIONS – 
The hybrid vehicle simulations and costs are based on a 
vehicle that employs a single-motor parallel hybrid 
architecture.  The hybrid system (including battery, 
motor, and controller) was sized to be powerful enough 
to capture most of the vehicle’s regenerative braking 
requirement under “typical” driving conditions.  In 
practical terms, sensitivity analysis of the HWFET, FTP, 
and US06 drive cycles showed that a hybridization ratio1 
of 25% was necessary and sufficient to meet this 
requirement.   

Projecting forward, viable improvement paths for the 
hybrid vehicle include both evolutionary improvements in 
vehicle components, such as improved efficiency or 
lighter weight; and improved vehicle design and 
integration, which can improve regenerative braking 
capability and further optimize engine operation.   

The future vehicle model incorporates elements of each 
of these improvement pathways.  In particular, an 
important benefit of hybridization that, to date, has been 
only partially exploited, is the ability to actively optimize 
engine operating points by avoiding engine operation 
under low-torque, low-efficiency conditions.  In [1], 
several paths were postulated by which this improved 
optimization could occur: 

1. A single-motor parallel hybrid with an advanced 
transmission that can decouple engine or motor 
operation from the wheels and a control strategy that 
switches off the engine under low-load conditions. 

2. A dual-motor power-split hybrid (similar to the Toyota 
Prius) with improved generators and motors that can 
decouple engine operation from vehicle speed. 

                                                     
 

1 Hybridization Ratio = PMotor/(PMotor + PEngine) 

3. A high-efficiency mechanical CVT with a parallel 
hybrid architecture. 

The hybrid vehicle model is based on the first option, as 
it is likely cheaper than the power-split architecture and 
more efficient than the CVT.  However, all of the options 
achieve comparable results.   

In addition to this advanced optimization, evolutionary 
improvements in vehicle components were incorporated 
into the ADVISOR vehicle models as described in the 
previous section; the vehicle braking system was 
configured to direct 90% of braking energy down the 
regenerative path; and the vehicle controls were 
configured to switch the engine off under low load 
conditions – a proxy for the type of control strategy 
postulated in path (1) above (and, in theory, similar to the 
behavior of a power-split system). 

Comparison of Gasoline Hybrid to Diesel Hybrid – In 
addition to the gasoline hybrid, we performed a 
preliminary evaluation of a diesel hybrid vehicle.  
However, vehicle simulations showed only a marginal 
benefit when compared to the future gasoline hybrid – on 
the order of 5%.  The lower-than-expected benefit arises 
due to several factors:  

1. As discussed in [1], the efficiency of the 2030 
gasoline SI engine approaches that of the 2030 
diesel engine. 

2. Diesel vehicles achieve higher efficiency in part 
because they are more efficient than SI engines 
under part load conditions.  Because one of the 
benefits of hybridization is that it minimizes these 
part-load losses, hybridizing a diesel offers a lesser 
benefit. 

Given that the diesel hybrid price premium includes both 
the additional cost of a diesel engine and the additional 
cost of a hybrid power train, the long-term cost/benefit of 
such a vehicle does not appear justified – particularly as 
spark-ignition performance approaches that of the diesel 
and particularly if lower cost plug-in hybrids can enter the 
market. 

Sensitivity to Air-Conditioning Loads – In present-day 
hybrid vehicles, a high base-load (typically air-
conditioning) has a greater impact on fuel consumption 
than in a conventional vehicle.  To some extent, this 
shortcoming reflects an intrinsic constraint on hybrid 
technology.  In an NA-SI vehicle, accessory loads can be 
partially offset by higher engine efficiencies enabled by 
the higher engine load; and by engine braking, which 
acts as a form of regenerative vehicle braking.  In 
contrast, the hybrid vehicle already uses both of these 
methods to improve fuel efficiency without a base load; 
as such, their impact is marginal when a base load is 
added.  In addition, the hybrid may incur additional 
losses from charging and discharging the battery. 
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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]) 

Vehicle Battery pack energy 
(kWh) 

Battery pack power 
(kW) 

Power-to-energy 
ratio 

PHEV10 3.6 48.6 13.5 
PHEV30 8 44 5.5 
PHEV60 16.5 47.9 2.9 
BEV200 48 80 1.7 

 

 

 

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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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 earlier 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.  

 

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.  

 



 
 
 
 
 
 
 
 

45 

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 the10 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. 

  

Figure 3- 18: Tornado plot of the pack cost variation 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. 

 

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.   

 



 
 
 
 
 
 
 
 

50 

3.15   References 

1.  Sanna, L., 2005, “Driving the solution: The Plug-In Hybrid Vehicle,” EPRI Journal, 
http://mydocs.epri.com/docs/CorporateDocuments/EPRI_Journal/2005- 
Fall/1012885_PHEV.pdf, accessed Dec 27 2010. 

2.  USEIA, 2012, Use of Gasoline, 
http://www.eia.gov/energyexplained/index.cfm?page=gasoline_use accessed Sept 9, 2013. 

3.  Samaras, C., and Meisterling, K., 2008, “Life Cycle Emissions from Greenhouse Gas Emissions 
from Plug-in Hybrid Vehicles: Implications for Policy,” Environmental Science and Technology, 
42(9), pp. 3170–3176. 

4.  Shiau, C.-S.N., Peterson, S.B., and Michalek, J.J., 2010, "Optimal Plug-in Hybrid Electric Vehicle 
Design and Allocation for Minimum Life Cycle Cost, Petroleum Consumption and Greenhouse 
Gas Emissions," ASME 2010 International Design Engineering Technical Conferences, 
DETC2010-28198. 

5.  Lemoine, D. M., Kammen, D. M., and Farrell, A. E., 2008, “An Innovation and Policy Agenda 
for Commercially Competitive Plug-in Hybrid Electric Vehicles,” Environ. Res. Lett., 3, p. 
014003. 

6.  Plotkin, S., and Singh, M., 2009, “Multi-Path Transportation Futures Study: Vehicle 
Characterization and Scenario Analyses,” Argonne National Labora- tory, Report No. 
ANL/ESD/09-5. 

7.  Kammen, D.M., Arons, S.M., Lemoine, D.M., and Hummel, H., 2009, "Cost effectiveness of 
greenhouse gas emission reductions from plug-in hybrid electric vehicles," in Plug-in Electric 
Vehicles - What Role for Washington?, D.B. Sandalow, ed., Brookings Institution, Washington 
D.C. 

8.  California Air Resources Board, 2009, “State of Preliminary Assessment of the Need for 
Revisions to the Zero Emission Vehicle Regulation, Attachment A: Status of ZEV Technology 
Commercialization”, Technical Support Document. 

9.  Kalhammer, F.R., Kopf, M.K., Swan, D.H., Roan, V.P., Walsh, M.P., (2007) “Status and 
Prospects for Zero Emissions Vehicle Technology”, Report of the ARB Independent Expert 
Panel, Prepared for State of California Air Resources Board.  

10. Barnett, B., Rempel, J., Ofer, D., Oh, B., Sriramulu, S., Sinha, J., Hastbacka, M., McCoy, C., 
2009, “PHEV battery cost assessment”, slides, TIAX LLC. 

11. Pesaran, A.A, Markel, T., Tataria H. S., Howell, D., 2007, “Battery Requirements for Plug-In 
Hybrid Electric Vehicles-Analysis and Rationale”, 23rd International Electric Vehicle 
Symposium (EVS-23) Anaheim, California. 



 
 
 
 
 
 
 
 

51 

12.  Kromer, M.A., and Heywood, J.B., 2008, “A Comparative Assessment of Electric Propulsion 
Systems in the 2030 US Light-Duty Vehicle Fleet,” SAE International Journal of Engines, 1(1) 
pp. 372-391. 

13.  Frost & Sullivan, 2009, “World Hybrid Electric and Electric Vehicle Lithium-ion Battery 
Market”, N6BF-27. 

14.  Ton, D.T., Hanley, C.J., Peek, G.H., Boyes, J.D., 2008, “Solar Energy Grid Integration Systems 
Energy Storage” Sandia Report SAND2008-4247. 

15. Boston Consulting Group, 2010, “Batteries for Electric Cars: Challenges, Opportunities, and the 
Outlook to 2020,” http://www.bcg.com/documents/file36615.pdf, accessed Jul 27, 2010. 

16. Plotkin, S., and Singh, M., 2009, “Multi-Path Transportation Futures Study: Vehicle 
Characterization and Scenario Analyses,” Argonne National Laboratory, Report No. 
ANL/ESD/09-5. 

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

18. National Research Council, 2010, “Transitions to Alternative Transportation Technologies: 
Plug-in Hybrid Electric Vehicles,” The National Academies Press, Washington, D. C., 2010. 

19. Baker, E., Chon, H., Keisler, J., 2010, “Battery technologies for electric and hybrid vehicles: 
Expert views about prospects for advancement” 

20.  Hensley, R., Newman, J., Rogers, M., 2012, “Battery technology charges ahead”, McKinsey 
Quarterly. 

21. Anderman, M., 2010, “Feedback on ARB’s Zero-Emission Vehicle Staff Technical Report of 
11/25/2009 including attachment A: Status of EV Technology Commercialization” 
http://www.arb.ca.gov/msprog/zevprog/2009zevreview/anderman_review.pdf accessed Dec 
14 2013 

22. White House Office of Management and Budget, 2013, “Table 10.1-Gross Domestic Product 
and Deflators Used in The Historical Tables: 1940-2018”, 
http://www.whitehouse.gov/omb/budget/historicals, accessed Dec 10 2013. 

23.  Albertus, P., Couts, J., Srinivasan, V., and Newman, J., 2008, “II. A combined model for 
determining capacity usage and battery size for hybrid and plug-in hybrid electric vehicles,” 
Journal of Power Sources, 183, pp. 771-82. 

24.  Whitacre, J. F., 2009, “The Economics and Science of Materials for Lithium Ion Batteries and 
PEM Fuel Cells,” Working paper, Carnegie Mellon University, Pittsburgh, PA. 



 
 
 
 
 
 
 
 

52 

25.  Busch J.V., and Field III F. R., 1988, “Technical cost modeling” In: Rosato D, Rosato D, 
editors. The blow-molding handbook. New York: Hansr Publishers. 

26.  Kirchain R and Field F., 2000, “Process-based cost modeling: understanding the economics of 
technical decisions” Encyclopedia of Materials Science and Engineering. 

27.  Fuchs, E. R. F., Bruce, E. J., Ram, R. J., and Kirchain, R. E., 2006, “Process-Based Cost 
Modeling of Photonics Manufacture: The Cost Competitiveness of Monolithic Integration of a 
1550-nm DFB Laser and an Electroabsorptive Modulator on an InP Platform” Journal of 
Lightwave Technology, 24 (8), pp. 1-13. 

28. Fuchs, E. R. F., Field, F. R., Roth, R., and Kirchain, R. E., 2008, “Strategic materials selection in 
the automobile body: Economic opportunities for polymer composite design” Composite 
Sciences and Technology, 68, pp. 1989-2002. 

29.  Nelson, P. A., Gallagher, K. G., Bloom, I., and Dees, D. W.2011, “Modeling the Performance 
and Cost of Lithium-Ion Batteries for Electric-Drive Vehicles” Argonne National Laboratory. 

30.  USCAR, 2010, US DoE VTP Battery Test Manual for Plug-In Hybrid Vehicles, Rev 2, 
http://www.uscar.org/guest/article_view.php?articles_id=86 accessed Feb11, 2013. 

31. Gallagher, G.G., Nelson, P.A., and Dees, D.W., 2011, “Simplified calculation of the area specific 
impedance for battery design”, Journal of Power Sources, 196, pp. 2289-97. 

32. Karabasoglu, O. and Michalek, J.J. 2013, “Influence of driving patterns on life cycle cost and 
emissions of hybrid and plug in electric vehicle powertrains”, Energy Policy, 
http://dx.doi.org/10.1016/j.enpol.2013.03.047i 

33. Kromer, M.A., and Heywood, J.B., 2007, “Electric powertrains: opportunities and challenges in 
the U.S. light-duty vehicle fleet” Sloan Automotive Laboratory, Publication No. LFEE 2007-03 
RP 

 

 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 

53 

4.  An elicitation of expert assessments of current and future Li-ion battery cell 
and pack cost, and designs for personal vehicle electrification1 

 

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]. Current 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 learning 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, I., 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 
notoriety. 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 et 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 et al. (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 et al. 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 scenarios. 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, critical mass for 
adoption, and rare metal supply.  

In both the studies (Baker et al. and Bosetti et al.), no specification on any design aspect or the type 
of electrified vehicle was included in the elicitation. 
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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.  Design1 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. 

 Design1  Design2 Notes 

Design reference  Ford C-
Max Energi 

Nissan 
Leaf 

Selected to be 
representative of two 
different battery pack sizes. 

Design reference vehicle type PHEV-21 BEV-73  

Pack energy (kWh, total) 8 24 
Data, from various sources 
(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 
thickness, (µm) 

60 80 Assumed based on existing 
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 Design1 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 
Design1 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 Design1 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 Design1 and Design2 was specified all the experts who provided estimates for the costs scaled 
the cost for Design1, 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 Design1 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 J 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 F, concerns associated with higher voltage packs include 
costs associated with power electronics and other safety related issues. Expert J 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 Design1 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.   
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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 Design1 (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 Design1 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 J 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 Design1 and Design2) after 
they were introduced to process step parameters of scrap and yield rates in Part II 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 
Design1    

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 
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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]. Ener1, 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 appear 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.   
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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 LiMn2O4-Graphite 
NMC-333 LiNi0.33Mn0.33Co0.33O2-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 

CTOT
AU  Aggregate annual cost of production of one acceptable unit. $ 

Cα
AU  

Annual cost of one acceptable unit with respect to an element α, 
where α ∈ (materials, labor, energy, equipment, tooling, building, 
and overhead) 

$ 

CTOT
PACK  

Aggregate annual cost of production of one acceptable battery 
pack. $ 

Cα
ALL  

Annual cost of an element α, where α ∈ (materials, labor, energy, 
equipment, tooling, building, and overhead), for all units, 
including acceptable and unacceptable units. 

$ 

PSAT
EV xE −  

Minimum energy required from the battery pack of an EV-x, 
calculated using PSAT. kWh 

EPACK  Pack energy. kWh 

ENMC333
SPEC  Specific energy capacity of the cathode active material: NMC333 mAh/g 

mcat
ACT  Mass fraction of active material in the cathode. - 
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BDS_HPPC
cellP  

10-sec HPPC cell power calculated using the power meta-model 
constructed using BDS simulations. kW 

BDS_HPPC
packP  10-sec HPPC pack power  kW 

PSAT
EV xP −  

Minimum 10-sec power requirement from the battery pack for an 
EV-x, calculated using PSAT. kW 

VNMC333
AVG  Average discharge voltage of NMC333 V 

 Single side cathode coating thickness µm 

 Number of bicell-layers each cell - 

 Width of the cathode mm 

 Number of cells in a module - 

 Number of modules in a pack - 

xC  Capacity of a cell Ah 

X P_VOL  
Annual production volume of good and acceptable parts after all 
n process steps units 

Xn
E_VOL  Effective production volume of the last (nth) process step. units 

Xi+1
E_VOL  Effective production volume of step i+1. units 

ARX  Aspect ratio of the electrode - 

Xann
ENERGY  Capacity of the annual number of battery packs manufactured. kWh/year 

Xann
PACKS  Annual number of battery packs manufactured. packs/year 

P/EX  Power-to-energy ratio of the battery pack - 

 Yield of process step i. % 

 Yield of the nth process step. % 

catρ  Density of the cathode. g/cc 

 

Parameters 

Parameter Value 
a 2E-9 
b 2 
c 149 
d 0.281 
g 2 
h 8.98E-6 
j 1.3259 
k 2 
l 1.6976 
p 233.3 
q 27.129 
r 191.2 

xCT

xBCL

xCW

xN

xM

Yi
Yn
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Appendix B-Additional chemistries tested using Battery Design Studio® 
 

 

 
 

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. 

 
 

 
 

 
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) LiFePO4 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 
Specification Sheet 

Laboratory 
Results 

AA Power Corporation 
LiMnNi Cells   

C/5 (0.8A) 6.5 -5.9 
2C (8A) 9.5 -7.4 
2.5C (10A) 13.0 -5.7 
3.75C (15A) 12.8 -4.3 

K2 Energy LFP Cells   
1.9C (5A) 12.9 -4.4 
7.7C (20A) 24.5 0.2 
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