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1. Methods 

1.1 Calculation of Expected Duration of Ownership 
We calculate the expected duration of ownership. A lifetime of a vehicle differs from 

the expected duration of ownership because different consumers use their vehicles for a 
different number of years before switching and/or selling vehicles. The NHTS provides 
the number of months a vehicle owned. We use these observed durations to generate a 
distribution for how long owners have currently owned their vehicle. This duration dif-
fers from the actual duration of ownership before vehicle disposal or retirement.  

The survival rate is calculated for each year i.e., the percentage of vehicles using their 
vehicle past the respective year, conditional upon the consumers have used their vehicles 
until that year (i.e., how long they have currently owned their vehicle). 

The survivor function is shown in Equation S1, 𝑛  is the number of consumers using 
their vehicles past duration 𝑡 , and ℎ is the number of consumers who sold their vehicles 
in the duration 𝑡 . It is estimated by setting the estimated conditional probability of using 
the vehicle past 𝑡  equal to the observed relative frequency of completion at 𝑡 .The dis-
tribution is shown in Figure S1 and it depicts how frequently the consumers replace their 
vehicles.  
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𝑆 𝑡 = (𝑛 − ℎ ) 𝑛⁄  

 

Equation S1 

 

 
Figure S1: Distribution of Population Replacing their Vehicles in respective years 
 
To calculate the expected duration of ownership (𝑛), given a consumer has used their 

vehicle for ‘𝑥’ number of years, we build the new distribution with the remaining proba-
bilities by determining the conditional survival probability given that the vehicle own 
year (currently owned duration) is not complete, assuming the maximum lifetime is as-
sumed to be fifteen years.  

We primarily use the National Household Travel Survey (NHTS) vehicle fleet as the 
main input for our vehicle-level analysis. The NHTS collects vehicle attributes and use 
characteristics for households in the national sample. The detailed methodological frame-
work is shown in figure 1 of the main text. To calculate marginal abatement cost of each 
electric technology vehicle (HEV or BEV or PHEV), we need total cost of ownership (in-
dicated by Equation 1 in the main text) of an ETV and the amount of emissions saved by 
a particular ETV. To determine the total cost of ownership we need initial capital cost. The 
calculations for initial capital costs are dependent on the vehicle’s type of propulsion tech-
nology (electric vs. plug-in hybrid), class (Sedan vs SUV), make and model (Honda vs 
Toyota and Civic vs Camry). The dataset includes households’ state of residence, used in 
indicating the resolution of geographical heterogeneity, i.e., determine state-specific elec-
tricity emissions, and fuel and electricity prices. The information about the intensity of 
vehicle use and the lifetime of a particular vehicle is a source of behavioral heterogeneity. 
The vehicles differ from each other in terms of make, model, and type of a vehicle (source 
of stock heterogeneity), which we have considered in our model. The following section 
explains how we generate the technology variants for each vehicle class. 

1.2 Defining Consumer Vehicle Options for Internal Combustion Engine and Electric 
Technology Vehicles 

The NHTS dataset contains information on the make, model and type of each vehicle 
in the sampled vehicle fleet. We use this information to estimate the initial capital cost and 
mileage. If consumers decide to switch and adopt a more energy efficient vehicle, assum-
ing the consumers stay consistent, meaning the consumers stick to their current class type, 
make and model, they face four options: 1. Latest Conventional Vehicle, 2. Hybrid Engine 
Vehicle, 3. Battery Electric Vehicle and 4. Plug-in Hybrid Electric Vehicle. Currently, in 
the market, we do not have hybrid, battery electric and plug-in hybrid technology variants 
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for every vehicle type, make and model in the NHTS vehicle fleet. For example, we do not 
have a battery electric truck or a battery electric Dodge Charger available in the real-world 
market. Therefore, we calculate the cost of the technology in addition to the price of its 
conventional variant. For example, in case of Dodge Charger, we calculate how much ad-
ditional amount a particular consumer has to pay in get a HEV or BEV or PHEV variant 
which will have a comparable performance as that of a sedan (as Dodge Charger is a se-
dan).  

We first identify make, model and fuel type of each vehicle in the dataset. For miles 
per gallon (or fuel efficiency), we have compiled a list of highest selling vehicles in the 
U.S. (added in the supplementary Excel sheet) with respect to vehicle types (Car, 
Van/Minivan, SUV, Truck) [1]. This list has the number of units sold for a particular vehi-
cle make and model for 2017. The detailed vehicle list is attached in the supplementary 
information Excel sheet. The recent fuel efficiencies (miles per gallon) for each of these 
vehicles are taken from the U.S. Environmental Protection Agency (EPA) [2]. These mile-
ages are for new Internal Combustion Engine (ICE) vehicles. We match each NHTS obser-
vation (i.e., make and model) with its corresponding U.S. EPA rated mileage. So that we 
can compare the electric technology vehicles with the latest conventional vehicles. For 
models which are not on this EPA list of highest-selling vehicles (for example, Jaguar XF), 
we have assigned a generic mileage for each vehicle type which is calculated as a weighted 
average of the number of units sold and mileage of highest sold vehicles. 

For technical specifications and performance characteristics by vehicle type—sedan, 
SUV, van/minivan/station wagon, pickup truck, we have also generated non-existing 
technology variants. The power and performance characteristics of base conventional ve-
hicles are assumed to be similar to vehicles with high market shares—for example, Toyota 
Camry [3], Honda CRV [4], Toyota RAV4 [5], Honda Odyssey [6], Ford 150 [7]. Table S1 
shows the technical specifications (power and battery capacity) and performance charac-
teristics (miles per gallon or miles per charge) of the technology variants. The gasoline 
mileage (mpg) for hybrid and plug-in hybrid are assumed to be 27.5% more efficient than 
the conventional versions [8,9]. The electric mileages (miles per charge) are assumed and 
calculated as the average mileage for available electric (3.71 miles per kWh) and plug-in 
electric vehicles (3.14 miles per kWh) in the market (the calculations are shown in supple-
mentary Excel sheet). For each vehicle class, we assume the battery efficiency drops as 
much as their conventional counterparts’ fuel efficiency drops. For example, if the gaso-
line mileage drops by 21% from a sedan (32 miles per gallon i.e., mileage of a generic 
sedan) to an SUV (25.4 miles per gallon i.e., mileage of a generic SUV), then for electric 
variants the electric efficiency also drops by 21% from sedan (3.71 miles per kWh) to a 
SUV (2.95 miles per kWh). As the BEVs in the market have wide ranges (miles per charge 
or full battery capacity), we have modeled two BEV versions for each vehicle type with 
100- and 150-mile ranges. The consumers who drive more than 150 miles daily—assumed 
maximum range of BEV—would have only HEV and PHEV technologies available to fea-
sibly choose from.    
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Table S1 Technical Specifications and Performance Characteristics of Non-existing Technology Variants [8–11] 
  

Technical Specifications Performance 

Vehicle Type Technology 

Battery 
Capac-

ity 
(kWh) 

ICE 
Powe

r 
(kW) 

Elec-
tric 

Motor 
(kW) 

Total 
Power 
(kW) 

Mileage 
(miles 

per gal-
lon) 

Range 
(miles per 
charge or 
full bat-
tery ca-
pacity) 

Sedan CONVENTIONAL  131  131 34  

Sedan HEV 1 102 29 131 43  

Sedan (Short Range) BEV-100 27  131 131  100 

Sedan (Long Range) BEV-150 40  131 131  150 

Sedan PHEV-40 13 85 46 131 43 40 

SUV CONVENTIONAL  142  142 30  

SUV HEV 1.5 111 31 142 38  

SUV (Short Range) BEV-100 34  142 142  100 

SUV (Long Range) BEV-150 51  142 142  150 

SUV PHEV-40 16 92 50 142 38 40 

Van/Minivan/ Station Wagon CONVENTIONAL  209  209 22  

Van/Minivan/ Station Wagon HEV 1.5 163 46 209 28  

Van/Minivan/ Station Wagon 
(Short Range) 

BEV-100 
40  209 209  100 

Van/Minivan/ Station Wagon 
(Long Range) 

BEV-150 
60  209 209  150 

Van/Minivan/ Station Wagon PHEV-40 19 136 73 209 28 40 

Truck CONVENTIONAL  243  243 18  

Truck HEV 1.5 190 53 243 23  

Truck (Short Range) BEV-100 42  243 243  100 

Truck (Long Range) BEV-150 62  243 243  150 

Truck PHEV-40 20 158 85 243 23 40 
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1.3 Salvage Value 
The Salvage Value is a value of a vehicle in a used car market at the end of the ex-

pected duration of ownership. It is estimated as a function of years of ownership. R. 
Raustad has generated an equation to estimate depreciation percentage (is shown in Fig-
ure S2) as a function (With R2=0.9997) of years of ownership of the vehicles [12]. The author 
has collected data from Edmunds.com for several makes and models. The equation to cal-
culate the depreciation percentage is as shown in Equation S2. The consumer receives the 
salvage value at the end of expected duration of ownership (𝑛), therefore we have ac-
counted it as the present value of future money, as shown in Equation S4. 

 
Figure S2: Depreciation Percentage at a function of Expected Duration of Ownership (Years) 
 𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒= (6 × 10 ) 𝑛 − (0.0038 )𝑛+ (0.093) 𝑛 +  0.1384 

Equation S2 

 𝑆𝑎𝑙𝑣𝑎𝑔𝑒 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑎 𝑣𝑒ℎ𝑖𝑐𝑙𝑒 ($)=  𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒×  𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡($) 

Equation S3 

 𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑆𝑎𝑙𝑣𝑎𝑔𝑒 𝑉𝑎𝑙𝑢𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑜𝑤𝑛𝑒𝑟𝑠ℎ𝑖𝑝=  𝑆𝑎𝑙𝑣𝑎𝑔𝑒 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑎 𝑣𝑒ℎ𝑖𝑐𝑙𝑒 ×  (1 + 𝑟)  Equation S4 

 

1.4 Battery Replacement Cost 
For HEVs, the battery replacement costs are not considered, as the battery typically 

lasts for the lifetime of the vehicle. For BEVs and PHEVs, the battery replacement costs 
are considered only if the expected battery life is less than 15 years—the assumed maxi-
mum duration of ownership of the vehicle. The life of the battery is estimated as a function 
of the number of charging-discharging cycles and depth of discharge [12,13] (Equation S5 
& S6 in the SI). For BEVs and PHEVs, a battery replacement cost at the end of life, and life 
of the battery is estimated as a function of number of charging-discharging cycles and 
depth of discharge [12,13].  The battery lifetime is calculated as shown in Equation S5 and 
Equation S6. E. Wood et al. calculated the power level of 70% of the peak power can be 
achieved with the depth of discharge of 80% and charging-discharging cycles of 3,500 [13]. 
Therefore, to calculate battery lifetime, we assume the depth of discharge 80%, and 3,500 
charging-discharging cycles. Thus, for example, the battery of 27 kWh with efficiency 3.71 
miles per kWh, depth of discharge 80%, and 3,500 charging-discharging cycles can pro-
vide 280,476 miles in its lifetime, and with 18,000 annual miles, the battery life would be 
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15.6 years. Using this battery lifetime, the discounted battery replacement cost is calcu-
lated. For the consumers who have battery lifetime more than the expected duration of 
ownership, and when these consumers sell their vehicles, and the buyer of this used ve-
hicle would need to replace the degraded battery shortly after. Therefore, to compensate 
for this battery use, we consider that the previous owner still pays for the battery replace-
ment. To account for this cost, we reduce the discounted salvage value by the amount the 
consumer would have paid to replace the battery by saving annually until the end of the 
expected duration of ownership. 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑀𝑖𝑙𝑒𝑠 𝑖𝑛 𝑏𝑎𝑡𝑡𝑒𝑟𝑦′𝑠 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 (𝑚𝑖𝑙𝑒𝑠)= 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑘𝑊ℎ)× 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑚𝑖𝑙𝑒𝑠 𝑝𝑒𝑟 𝑘𝑊ℎ)×  𝐷𝑒𝑝𝑡ℎ 𝑜𝑓 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (80%)× 𝑁𝑜. 𝑜𝑓 𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝐶𝑦𝑐𝑙𝑒𝑠 (3500) 

Equation S5 

 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 ( 𝑦𝑒𝑎𝑟𝑠)=  𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑀𝑖𝑙𝑒𝑠 𝑖𝑛 𝑏𝑎𝑡𝑡𝑒𝑟𝑦′𝑠 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒𝐴𝑛𝑛𝑢𝑎𝑙 𝑀𝑖𝑙𝑒𝑠  

Equation S6 

 

1.5 Fuel Savings  
Based on the State of residence of the driver, each vehicle is assigned average state 

electricity prices from the U.S. Energy Information Agency [14]. Fuel prices are also as-
signed with respect to the corresponding fuel type and U.S. State [15–17]. The fuel savings 
for each ETV are calculated and discounted for the expected duration of ownership, as 
shown in Equation S7-Equation S12 in SI. For both BEV and PHEV, we assume charging 
is available and done at the state average residential rate. 

Finally, we calculate the discounted fuel savings. The first step of calculating the fuel 
savings is to identify the fuel and electricity costs for each consumer. Using the house-
hold’s State of residency, each observation is assigned electricity emissions per kWh (of 
generation) from the U.S. Energy Information Agency [14] as well as the conventional fuel 
prices [15–17]. As all the calculations are done in comparison with the conventional vehi-
cle, first annual fuel costs of conventional vehicles are calculated (Equation S7). Then the 
fuel costs of each of the technology variant are calculated for each vehicle type. The fuel 
costs for HEVs are calculated like that of a conventional vehicle (Equation S8). For BEVs, 
first the annual electricity consumption is calculated using the maximum range of the ve-
hicle and then the cost of electricity consumption (i.e. the fuel cost) is calculated (Equation 
S9). For PHEVs, the fuel costs are calculated similar to that of BEVs, and it is assumed that 
the consumer first uses the electric energy and once the battery runs out (i.e. maximum 
range of PHEV) the vehicle is run on gasoline (Equation S10). The annual fuel savings are 
calculated for each of the technology variants (Equation S11) and then converted to dis-
counted fuel savings (present value of annuity) for the total expected duration of owner-
ship (Equation S12). All these cost components are discounted at an assumed discount 
rate (𝑟) of 7%. For each consumer, we select the least total cost to the consumers (i.e. the 
highest Net Present Value) electric technology vehicle. The annualized Costs are shown 
in Equation 1 as negative annualized Net Present Value.  

 𝐹𝑢𝑒𝑙 𝐶𝑜𝑠𝑡 𝑓𝑜𝑟 𝐶𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑉𝑒ℎ𝑖𝑐𝑙𝑒𝑠 ($)= 𝐴𝑛𝑛𝑢𝑎𝑙 𝑀𝑖𝑙𝑒𝑠𝑀𝑖𝑙𝑒𝑎𝑔𝑒 (𝑚𝑖𝑙𝑒𝑠 𝑝𝑒𝑟 𝑔𝑎𝑙𝑙𝑜𝑛)× 𝐹𝑢𝑒𝑙 𝑃𝑟𝑖𝑐𝑒 ($ 𝑔𝑎𝑙𝑙𝑜𝑛)⁄  

Equation S7 

 𝐹𝑢𝑒𝑙 𝐶𝑜𝑠𝑡 𝑓𝑜𝑟 𝐻𝐸𝑉𝑠 ($)= 𝐴𝑛𝑛𝑢𝑎𝑙 𝑀𝑖𝑙𝑒𝑠𝑀𝑖𝑙𝑒𝑎𝑔𝑒 (𝑚𝑖𝑙𝑒𝑠 𝑝𝑒𝑟 𝑔𝑎𝑙𝑙𝑜𝑛)× 𝐹𝑢𝑒𝑙 𝑃𝑟𝑖𝑐𝑒 ($ 𝑔𝑎𝑙𝑙𝑜𝑛)⁄  

Equation S8 
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 𝐹𝑢𝑒𝑙 𝐶𝑜𝑠𝑡 𝑓𝑜𝑟 𝐵𝐸𝑉𝑠 ($)= 𝐴𝑛𝑛𝑢𝑎𝑙 𝑀𝑖𝑙𝑒𝑠𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑀𝑖𝑙𝑒𝑎𝑔𝑒 (𝑚𝑖𝑙𝑒𝑠 𝑝𝑒𝑟 𝑘𝑊ℎ)× 𝐹𝑢𝑒𝑙 𝑃𝑟𝑖𝑐𝑒 ($ 𝑘𝑊ℎ)⁄  

 

Equation S9 

 𝐹𝑢𝑒𝑙 𝐶𝑜𝑠𝑡 𝑓𝑜𝑟 𝑃𝐻𝐸𝑉𝑠 ($)
= ⎣⎢⎢⎢

⎡ 𝑅𝑎𝑛𝑔𝑒 𝑜𝑓 𝑃𝐻𝐸𝑉 (𝑚𝑖𝑙𝑒𝑠)𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑀𝑖𝑙𝑒𝑎𝑔𝑒 (𝑚𝑖𝑙𝑒𝑠 𝑝𝑒𝑟 𝑘𝑊ℎ) × 𝐹𝑢𝑒𝑙 𝑃𝑟𝑖𝑐𝑒 ($ 𝑘𝑊ℎ)⁄+ (𝐴𝑛𝑛𝑢𝑎𝑙 𝑀𝑖𝑙𝑒𝑠 365 −  𝑅𝑎𝑛𝑔𝑒 𝑜𝑓 𝑃𝐻𝐸𝑉)⁄  𝑀𝑖𝑙𝑒𝑎𝑔𝑒 (𝑚𝑖𝑙𝑒𝑠 𝑝𝑒𝑟 𝑔𝑎𝑙𝑙𝑜𝑛) × 𝐹𝑢𝑒𝑙 𝑃𝑟𝑖𝑐𝑒 ($ 𝑔𝑎𝑙𝑙𝑜𝑛)⁄ ⎦⎥⎥⎥
⎤

× 365 

Equation S10 

 𝐴𝑛𝑛𝑢𝑎𝑙 𝐹𝑢𝑒𝑙 𝑆𝑎𝑣𝑖𝑛𝑔𝑠 ($)= 𝐹𝑢𝑒𝑙 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑣𝑒ℎ𝑖𝑐𝑙𝑒𝑠($)− 𝐹𝑢𝑒𝑙 𝐶𝑜𝑠𝑡 𝑜𝑓 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑇𝑒𝑐ℎ𝑛𝑜𝑙𝑜𝑔𝑦 𝑉𝑒ℎ𝑖𝑐𝑙𝑒($) 
Equation S11 

 
 𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝐹𝑢𝑒𝑙 𝑆𝑎𝑣𝑖𝑛𝑔𝑠 ($)= 𝐴𝑛𝑛𝑢𝑎𝑙 𝐹𝑢𝑒𝑙 𝑆𝑎𝑣𝑖𝑛𝑔𝑠 ×  1 − (1 + 𝑟)𝑟  
 

Equation S12 
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1.6 Initial Capital Costs 
Before calculating the initial capital costs, we define the consumer vehicle options 

because the consumers do not have ETV analogous to their current conventional vehicle. 
We define the technical specifications such as power and performance characteristics, 
mileage (miles per kWh for BEVs and miles per gallon for HEVs and PHEVs) for each 
vehicle type (sedan, SUV, van/minivan/station wagon, pickup truck). These specifications 
are added in Table S1 and the SI excel sheet.  

The BEV range (total miles can be traveled using one completely charged battery) is 
limited and must be accounted for in designing vehicles and their use by consumers. 
Given the wide ranges in miles per charge, we modeled two BEV versions for each vehicle 
type with 100 and 150 miles of range. Consumers who drive more than 150 miles daily 
may only choose HEV and PHEV technologies. For PHEVs, we assume that a consumer 
will first operate on electricity until the battery is drained and then switch to gasoline.  

The initial capital cost is a part of the Financial Model as well as the Technology Pro-
gress Model. In the Financial Model, it is a part of the Total Cost of Ownership. However, it 
is in the Technology Progress Model the per-unit price of the battery cell and the non-
battery EV technology costs are decided. Therefore, the initial capital costs are dictated by 
the Technology Progress Model.  
1.6.1 Non-Battery EV Technology Costs 

Although most published literature claims that the cost of the battery is the most 
significant additional cost component, we believe that the non-battery components are 
also equally—if not more, important—and depending on the assumed cost model, some-
times costlier than the battery in a vehicle. And the relevance of non-battery costs in ETVs 
will only grow as battery costs continue their rapid decline. Importantly, the net financial 
benefits of BEVs depend strongly on the additional cost of ETVs. However, there is a 
dearth of recent, updated, and detailed bottom-up cost breakdowns for BEVs and PHEVs. 
There are a few studies with bottom-up cost estimates for the cost of ETVs and/or the 
additional cost of the technology variants that we leverage. 

As an example, the additional cost calculated for a BEV sedan with a 100-mile range 
as per the High Non-Battery Cost Model is $10,745, including the battery, non-battery EV 
technologies, ICEV credits, and markup factor. Similarly, a PHEV sedan with a 40-mile 
range would cost $7,883 more than a comparable ICEV. All outputs of this model, by ve-
hicle model and specification, are provided in an excel sheet in the Supporting Infor-
mation. 

For example, a 100-mile range sedan BEV would have additional costs of $7,437, dif-
fering from the $10,745 for the High Non-battery Cost output despite identical assump-
tions about battery and motor size. This includes 27 kWh of battery and the powertrain 
costs for 131 kW of power output (with $14.1 per kW and 935.1 fixed costs for the Low 
Non-battery Cost Model) as well as markup factor and ICEV credits. Similarly, a PHEV 
sedan with a 40-mile range has an additional cost of $3,239. Both these costs are signifi-
cantly lower than the High Non-Battery Cost Model estimates. These calculations, as well 
as those for other vehicle types, are attached in the excel sheet in the SI. 

For this work, the experience curve has been implemented for two technologies: Bat-
tery Cells and Non-battery EV Technologies. The ETVs encompass both Li-ion battery 
technology as well as non-battery EV components like the electric motor. With the in-
crease in the number of ETVs allocated, these technologies go through the experience 
curve and collectively decrease the capital cost of the ETVs. The battery cell prices fall 
with each installed battery cell, and the non-battery EV technology prices decrease with 
each unit purchased of BEV or PHEV. However, the decrease in the prices is calculated 
using two different learning rates: Learning Rate for Battery (LRB) and a lower Learning 
Rate for Non-Battery EV components (LRNB). 
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1.6.2 Learning Rate for Battery (LRB)  
Nykvist et al. estimated the LRB for Li-ion battery cell cost as 6-8% in 2015 using mul-

tiple sources of battery cell prices, but this work includes a significant amount of grey 
literature [18]. However, later the same authors Nykvist et al. re-estimated the learning 
rate to be 17% [19] in their latest work (published 2019). BNEF reported the LRB to be 19% 
and has used this figure in their analyses, but the report does not provide a source [20,21]. 
In addition to these studies, a recently published estimate based on economies of scales 
by Kittner et al. shows the LRB to be 17.3% [22]. Moreover, Schmidt et al. reported the LRB 
to be 16% [23]. We use a baseline value of LRB of 17% for our model, in line with these 
studies, and run the model for modified values.  
1.6.3 Learning Rate for Non-Battery EV Components (LRNB)  

Similar to batteries, the literature has a wide variation for learning rate (LRNB) for non-
battery EV components for ETVs. Weiss et al. have shown that the experience curve and/or 
learning rate studies are still not conducted for several energy-related technologies, in-
cluding, but not limited to, electric motors and entire motor systems [24,25]. Therefore, 
we looked at several studies about the LRNB for the non-battery EV components. Most of 
these learning rates are for a particular component in the EV drivetrain and/or referenced 
from other studies as well as, in some cases, to personal communications, often lacking 
primary data from manufacturers. Unsurprisingly, there is considerable variation in the 
LRNB estimated and/or assumed by different studies. For example, Pasaoglu et al. have 
used 10% of LRNB for EV components based on the experience curve for energy technolo-
gies, because the authors assume that the drivetrain technology is a matured technology 
[26–28]. OPR van Vliet et al. and Contestabile et al. have assumed 5% LR for powertrain 
components [29,30]. Weiss et al. have proposed that the powertrain components have the 
same LR as that of the batteries and hence assumed that the LRNB for the non-battery com-
ponents to be 17% [31]. In a recent publication, Safari et al. estimated that the cost of “elec-
trification” for mid-size BEVs has LR as 15+/-1% [32]. The LRNB varies significantly in these 
studies and has uncertainty about the source. Therefore, for our study, we have assumed 
5% as the LRNB for BEVs and PHEVs for non-battery EV components. It is based on the 
Ricardo-AEA report, which was prepared by using a survey of manufacturers conducted 
by Delphi [33], a method that we find to be logical and close to primary data sources. 

1.7 Efficiencies for Batteries and ICEVs 
With the increasing demand for EVs and an increase in EV penetration, the battery 

chemistry is improving, which positively impacts the battery efficiency. The battery cells 
are getting denser and will be able to hold more charge in the future. This will enable the 
EV manufacturers to produce longer-range EVs as well as smaller batteries for shorter 
range EVs [34–37]. In our model, we have accounted for this EV technology development 
as a yearly 2% decrease in battery cell capacity (kWh) for the new vehicles to achieve the 
assumed 100-mile and 150-mile ranges, irrespective of the type of the vehicle [38]. 

We also assume that the fuel efficiency of the ICEVs is going to improve mainly due 
to the implementation of Corporate Average Fuel Economy (CAFE) standards as well as 
the introduction of new technologies. The University of Michigan Transportation Re-
search Institute (UMTRI) has consolidated sales-weighted data about the fuel-economy 
rating (window sticker) of purchased new vehicles for October 2007 through December 
2017 [39]. As per the dataset in 2007, the fuel efficiency is 20.2 miles per gallon (mpg), and 
at the end of 2017, it is 25.2 mpg. We have used this dataset of the ten years to generate a 
linear trend and used the same trend to project the fuel efficiencies in the future. This 
resulted in an ICEV sedan having fuel efficiencies of 39.8 mpg in 2040. We further used 
these projected fuel efficiencies to estimate the percentage increase in fuel efficiency com-
pared to the 2017 fuel efficiency. These calculated annual increase in fuel efficiencies were 
then used to forecast the fuel efficiencies for other ICEV vehicle types such as SUV as well 
as the fuel efficiencies for BEVs (miles per kWh) and PHEVs. This resulted in BEVs having 



Energies 2022, 15, 4722 10 of 16 
 

 

a fuel efficiency of 9.57 miles per kWh in 2040 compared to 3.71 miles per kWh in 2017. 
The assumption is that the battery efficiency (miles per kWh) also increases similar to that 
of the ICEVs’ fuel efficiency (miles per gallon) because some technologies such as rolling 
resistance will be benefitting the ETVs as well. The dataset is added in the SI Excel sheet. 

ICEV Cost Premium: In the final rulemaking for 2017-2025 of the CAFE standards 
published in 2012, the U.S. Environmental Protection Agency (EPA) and the National 
Highway Traffic Safety Administration (NHTSA) analyzed the possible technologies 
which would benefit ICEVs by increasing the fuel efficiency (miles per gallon) and achieve 
the CAFE standards for manufacturers. These technologies include Engine Friction Re-
duction, Variable Valve Timing (VVT)-Intake Cam Phasing, VVT-Dual Cam Phasing, Dis-
crete Variable Valve Lift (DVVL), Continuous Variable Valve Lift (CVVL), Electrical/Elec-
tro-hydraulic Power Steering, and Lower Rolling Resistance Tires. Some of these technol-
ogies cannot be used simultaneously, and some would have higher impacts depending 
on the size of the ICEVs. While each of these technologies would improve fuel efficiency, 
the manufacturing costs of the ICEVs would be expected to increase [40]. There is signifi-
cant uncertainty related to when/if these technologies will be part of ICEV design as well 
as which of these technologies will be part of a particular vehicle, as it depends upon au-
tomobile manufacturers’ decisions, vehicle size and type, and the ignition system of the 
vehicle. Several analyses (for example, the ICCT [38] and BNEF [34]) looking at future EV 
adoption have assumed cost increments for ICEVs with time. We have used these pub-
lished reports to estimate the increase in real capital cost of ICEVs over time [34,38,40–42], 
which we refer to as the ‘ICEV Cost Premium.’ The BNEF report estimates the cumulative 
average growth rate (CAGR) for ICEV price increases to be 0.70% for sedans. As per Bren-
nan JW et al., the CAGR for the ICEV price increase is 0.46% [41]. We have averaged these 
two CAGRs and assumed that the price of ICEVs increases by 0.6% each year for the sce-
narios where we apply the ICEV Cost Premium. For sedans, the current price of a compa-
rable ICEV is $24,380 in our model, resulting in an annual price rise of $142. This price rise 
is in line with the other estimates published in various reports, such as the ICCT and NRC 
[34,38,40–42]. Because our cost model calculates the cost difference between an ICEV and 
an ETV (and not the absolute price of either), ICEV cost premiums must be estimated 
indirectly. For non-sedan vehicle types, this annual price rise is scaled with respect to the 
ratio of power ratings. For example, for an SUV, the designed power rating (described in 
technical specifications) is 142 kW, and it is 1.08 times that of a sedan (131 kW). Therefore, 
the annual price increase for an SUV is $154. The calculations and final estimates are de-
scribed in the SI excel sheet. 

2. Results 
The detailed modeling approach described above is necessary to create a model that 

can realistically examine whether and how heterogeneity and technological progress can 
interact to create cascading diffusion of EVs from an initial group of consumers to the 
larger pool.  The disaggregation of consumers into 200,000 different groups, based on 
NHTS survey data, provides the basis for the behavioral and geographic heterogeneity 
that drives the feedback between adoption and lower prices in later periods. To demon-
strate the importance of heterogeneity, Figure 2 (in the main text) shows the evolution of 
battery cell prices over time (which is a function of adoption) with and without consider-
ation of consumer heterogeneity. Figure 3 shows the base case market share of technolo-
gies if the inherent heterogeneities are considered. With these assumptions (High non-
battery costs with ICEV cost premiums), BEV adoption grows from a few percent of the 
market to 90+% of the market over 15 years. 

As discussed in the methodology, early adopters replace their current vehicles by 
ETVs in the initial years of the simulation, which increases the cumulative capacity of the 
technology. This increased capacity feeds into technological progress, and the price of the 
technology decreases. In the subsequent year, more consumers can benefit by moving to 
ETVs than the previous year, therefore the ETV adoption increases, which increases the 
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cumulative capacity of batteries, reducing the price of the technology even further. As can 
be seen in Figure 2 and Figure 3, when the model accounts for heterogeneities, the battery 
cell price reduces as a result of substantial adoption of ETVs (mainly BEVs), and this adop-
tion is a result of decreased battery cell price as a result of technology progress. Without 
heterogeneity (Figure 2), there are no early adopters, and ETV technology only begins to 
improve when ICEV Cost Premium makes private economics of ETVs more attractive to 
the average consumer. In both cases, the ICEV cost premium is included, which means 
that conventional vehicles get more efficient as well as more expensive with the time. In 
this work, we have defined the High Non-Battery Cost Model with ICEV Cost Premium 
as the base case scenario. However, the effects of this assumption are interrogated exten-
sively below.  

2.1 High Non-Battery Cost Vs. Low Non-Battery Cost Model 
As explained in the Financial Model section (Section 2.1), the additional cost of tech-

nology includes both battery and non-battery costs. While there is a reasonably strong 
consensus on battery costs, this is not true about the non-battery costs. Furthermore, the 
differences are not trivial with regards to the effect on model output: assuming low versus 
high non-battery costs can result in a qualitatively different expectation of how the BEV 
market may evolve. Figure 3 shows the additional costs of a BEV-100 sedan under high 
and low non-battery cost models and with/without ICEV Cost Premiums, at a gasoline 
price of $2.60 per gallon. The initial cost gap between these two models is $3,300, which 
tends to be approximately maintained despite very different adoption rates (discussed 
below). 

To better understand the context of the trends in the additional cost, note that the 
solid blue line in Figure 2 represents the base case. Figure 2 and Figure 3 show the corre-
sponding battery cell price reduction (with a solid blue line), and the related market share 
of technologies (i.e., an increase in the share of ETVs). Comparing the two models with 
ICEV Cost Premium (i.e., the solid lines in Figure 3, the capital cost difference between 
ICEVs and BEVs decreases rapidly and crosses zero after 10 years in the Low Non-Battery 
Cost Model. This process takes an additional 14 years in the High Non-battery Cost 
Model. Therefore, we emphasize that the assumption to choose one model over another 
substantially affects the future outlook for technology adoption. If one assumes the lower 
model, then one can reasonably believe that BEVs can cost-effectively replace the incum-
bent ICEV technology over 10-15 years. If you consider the high non-battery cost model, 
this is delayed by an additional 10-15 years. We also highlight that the ICEV Cost Pre-
mium plays a significant role in this process, even though it seems like a minor modeling 
point. If we assume that ICEVs experience no changes in inflation-adjusted capital costs 
(versus a 0.6% increase each year for the base case), then the model suggests that BEVs 
may never dominate the market. Obviously, this adds to the uncertainty in studying the 
adoption of ETVs. 

2.2 Impact of Fuel Prices 
For the High Non-Battery Cost Model with higher gasoline prices ($2.60 per gallon 

and $5.20 per gallon), the reduction in battery cell price is faster and substantial. The max-
imum reduction happens in the case of the High Non-Battery Cost Model and gasoline 
price of $5.20 per gallon, where the battery cell price reduces to $49 per kWh (reduction 
of 79%). This suggests that if gasoline becomes more expensive, the majority of consumers 
will enjoy financial benefits from ETVs, potentially leading to a substantial replacement 
of the incumbent ICEVs by ETVs. The Low Non-Battery Cost Model makes the ETVs more 
attractive financially compared to ICEVs at higher gasoline prices, and even when the 
battery cell prices are high. 
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2.3 Learning rate of batteries 

  

  
Figure S3: Progression of Battery Cell Price ($ per kWh). The base case represents 17% learn-

ing rate for batteries and 5% for non-battery technologies. Sensitivity Analyses with Optimistic 
(for battery 19%, and for non-battery technology 8%) and Pessimistic (for battery 14%, and for 
non-battery technology 2%) cases of learning rate of battery cell. The Learning Rate of 17% repre-
sents the base case scenario. With Optimistic cases, the ETVs adoption is accelerated and with 
pessimistic cases the adoption is slower than the base case scenario in both high as well as low-cost 
models. 
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2.4 Charging Constraint 

 
Figure S4. Progression of Battery Cell Price ($ per kWh) for High-Cost Model with and with-

out ICEV Cost Premium, and with and without availability/access to the Charging Stations to 
50%. With the charging availability constraint, the adoption of ETVs slows down, and vice versa. 
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Abbreviations 
 

BEV Battery Electric Vehicle 
BNEF The Bloomberg New Energy Finance 
CAFE Corporate Average Fuel Economy 
ETV Electric Technology Vehicle 
EV Electric Vehicles 
HEV Hybrid Electric Vehicle 
ICCT The International Council on Clean Transportation 
ICEV Internal Combustion Engine Vehicle 
kW Kilowatt 
kWh Kilowatt-hour 
NHTS The National Household Travel Survey 
NPV Net Present Value 
NRC National Research Council 
PHEV Plug-in Hybrid Electric Vehicle 
SUV Sports Utility Vehicle 
TCO Total Cost of Ownership 
VMT Vehicle Miles Traveled 
U.S. The United States of America 

 


