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1 Introduction

The cost competitiveness of different drivetrains depends on relative costs of
vehicles, fuel, and other cost components. The tasks considers costs from the perspective
of a consumer with sufficient foresight to consider relevant costs over the ownership period
of the vehicle, or relevant cost of ownership (RCO), as suggested by Mock [1] and used
by Redelbach et al. [2] and Rousseau et al. [3]. We examine how the RCO of PEVs
compares to competing powertrains under various combinations of fuel consumption,
annual driving distance, battery costs, and other factors that can vary significantly between
different drivers in different countries. We examine ranges of these factors relevant to
drivers in the United States and Germany using estimated future costs of vehicles and fuels.

To the extent that consumers choose vehicles on the basis of ownership costs, how fuel
consumption is measured and reported are important. European and U.S. regulators have
made or proposed updated fuel economy certification procedures to provide fuel economy
estimates that are more representative of real world driving [4, 5]. Fuel economy values
reported by U.S. drivers vary over a wide range [6]. Of potentially greater significance to
the consumer considering a PEV purchase are vehicle prices and energy costs over the
vehicle ownership period. PEV prices are driven by component costs, in particular the cost
of the battery pack, but energy costs depend on fuel price and annual driving distance. For
plug-in hybrid electric vehicles (PHEVs) and extended range electric vehicles (EREVS),
fuel costs also depend on the utility factor (UF)—the fraction of distance driven in charge-
depleting (CD) mode—which can differ widely between drivers owing to different
charging frequencies and driving distances.

2 Objectives

The topics of the task include vehicle energy consumption, component costs, vehicle costs,
total cost of ownership (TCO), and market penetration.
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Objectives associated with vehicle energy consumption are:
e  Compare full-function HEVs, PHEVs, and ER-EVs to advance conventional
powertrains (clean diesel, turbocharged direct injection petrol, CNG, other).
e Include a wide range of powertrain configurations (i.e. BEV with and without
multi-gear transmissions, BEVX...)
e  Evaluate the technology potential on both standard and real world driving cycles

Objectives associated with Component Cost, Vehicle Cost & TCO are:

e Conduct a systematic cost methodology comparison (i.e. battery, multiple TCO
models).

e Examine whether a standard peak battery pack and electrical machine power
level for both HEVs and PHEVs can be cost effective in spreading component
costs across both HEV and PHEV platforms.

e  Study powertrain depreciation attributes and impact on vehicle lifetime use costs.
In particular, determine whether batteries must be replaced during vehicle
lifetime, or vehicle use patterns must be adapted to less capable packs or both.

Objectives associated with Market Penetration are:

e Conduct a systematic market penetration methodology comparison using same
set of inputs.

e Using consistent methodologies, evaluate potential causes of increase in
market(s) size, such as rising oil prices, lower battery pack costs, economical
infrastructure adaption, changes of consumer perception.

o Evaluate policy alternatives to increase market(s) size

e Taxes at initial purchase, annual fees, fuel/electricity tax

e  Subsidy structures and quantities

3 Working Method

Vehicle Attributes

To evaluate the fuel efficiency benefits of advanced vehicles, each vehicle was simulated
using Autonomie [7]. Each vehicle component powertrain is sized to meet similar vehicle
technical specifications such as performance and grade-ability [8]. The energy efficiency
was then estimated for the different standard driving cycles worldwide.

Conventional and plug-in midsize vehicles were simulated through six different
timeframes (2020-2050) for gasoline and diesel fuels. The attributes of future vehicles
were taken from Moawad et al. [8]. We focused on four different powertrains
(conventional; split PHEV [PHEV20]; EREV [PHEV40]; and Battery Electric Vehicles
[BEV100, BEV200 and BEV300]). The split PHEV was modelled with one electric motor
and a power-split design, and the EREV was modelled with two electric motors and a
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powertrain similar to the Voltec design [21]. We assumed technology advancement based
on the U.S. Department of Energy (DOE) Vehicle Technology Office research and
development goals. Further details on the simulations can be found in Moawad et al. [8].

The above vehicles were simulated in Autonomie under the Worldwide harmonized Light
vehicles Test Procedure (WLTP), U.S. Urban Dynamometer Driving Schedule (UDDS),
and U.S. Highway Fuel Economy test (HWFET) drive cycles, using the same road load
coefficients for all cycles. Adjustments were applied to the UDDS and HWEFT drive cycle
fuel consumption values in accordance with the U.S. current fuel economy label
procedures [4].

To estimate the UF (the fraction of distance driven in CD mode), the daily driving distance
was assumed to follow a gamma distribution, which was found to fit detailed driving
records from Seattle by Lin et al. [17]. A mean of 61.8 km/day and a mode of 20.6 km/day
was assumed for U.S. drivers, based on an analysis of the U.S. 2009 National Household
Travel Survey by Krumm [9]. This distribution gave a dependence of UF on the PHEV CD
range that approximated the CD range dependence used in the standard practice
recommended by SAE International for PHEVs that are charged once per day [10]. This
distribution may not be accurate for other populations [11], but it captures the qualitative
shape of realistic driving distributions and provides a convenient way to approximate how
PHEV UF depends on daily average driving distance [12]. The mean distance was varied
to account for different annual driving distances, and the mode was assumed to vary in
proportion to the mean. A constant value of 300 driving days per year was assumed. PHEV
drivers were assumed to charge once per day.

Cost Calculations

The vehicle costs are calculated from the characteristics of the components (power, energy,
weight, etc.) [8]. Both the vehicle and fuel cost, based on the energy efficiency values, are
then used to calculate ownership cost. Maintenance costs for year 2025 were assumed to
be 0.05 USD2015/km for all powertrain types. This value was in the middle of the range
suggested by Rousseau et al. [3].

The assumptions shown in Table 1 are used to represent the near-term (year 2025) average
prices of energy in Europe (Germany) and the United States and were assumed to be
constant in future years. Constant electricity prices were assumed, neglecting alternative
rate structures such as time-of-use, tiered rates, or special rates for PEVSs.
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Energy prices and average annual distance driven in the United States were based on the
U.S. Energy Information Agency’s Annual Energy Outlook (AEQO) for 2017 reference
case. Energy prices for Germany were estimated for the year 2025 based on the projected
price of crude oil (Brent Spot price of 85.03 USD2015/barrel). High and low energy prices
were based on AEO 2017 High Qil Price and Low Oil Price cases. Annual distance driven
in new light duty vehicles (LDVs) by U.S. drivers were taken from AEO 2016 reference
case. The mileage for German drivers is taken from the latest national transport survey
[20].
Table 1. Energy cost assumptions for 2025

Distance ~ Annual Vehicle Gasoline . . Electricity
. . . Diesel price R
Zone travelled discount life price (USDaoss/liter) price
2015

(km/year) rate (%) (years) (USD:ans/liter) (USD:2015/kWh)
Germany 14,000 5 12 1.522 1.482 0.397
United ) 530 5 12 0.677 0.727 0.116

States

Cost models were used to estimate manufacturing costs for major vehicle components and
subassemblies, which were then summed to give the total manufacturing cost of each
vehicle in year 2025 [8]. These manufacturing cost estimates were assumed to be the same
for both American and European automakers (Table 2). Cost model parameters were
assigned values based on input from U.S. DOE vehicle technology managers and industry
experts who provided a range of values from highly optimistic (high case) to pessimistic
(low case).
Table 2. Estimated future manufacturing cost

Battery pack cost (USD2015/kWh)

Optimism of | Glider cost

cost estimate | (USD2015) BEV200 and
PHEV 20 PHEV 30 BEV100 BEV300

Year

10,509 500 450 325 35
2025 Medium 11,319 400 375 250 250
High 11,631 315 290 170 170

Vehicle Techno-Economic Cost Analysis Review

The Total Cost of Ownership (TCO) considers all costs to a customer related to the
purchase and operation of a vehicle during its service time. The exact definition of the TCO
varies greatly. Hence, Mock specifies a measure of vehicle ownership costs that are
relevant to a consumer’s purchase decision. This cost measure is termed as relevant cost
of ownership (RCO). The RCO may be reported as a cost (net present value e.g,, in dollars)
or, as is done here, in cost per km. The RCO includes the investment cost, the up-front
amount paid for the vehicle, including the purchase price and any fees, taxes, and
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incentives or disincentives (e.g., tax credit or bonus/malus “feebate™). Also relevant are all
operating costs, which include the costs of fuel/energy, maintenance and repair and any
annual fees or taxes. Furthermore, a resale or residual value, depending on a vehicle’s age
and total mileage, is considered. The RCO (Crco) is the sum of the investment cost and the
present value of the annual costs subtracted by the expected residual value. Other cost
factors, as insurance, risk aversion to new technology, and uncertainty of benefits of
advanced technology to consumers are not included. Also not included is the cost of limited
range of the BEV. These might be important influences but are subjective, widely variable
among consumers, and difficult to quantify. However, neglect of the effective cost of the
range limitation of the BEV might result in ownership cost estimates that appear low in
comparison with the other powertrains.

The RCO was calculated from vehicle prices and other costs [3]:

(CEner A +CMain, +CFees, 4 es
CRCO = CInvest + Z{‘V( gyt(l_H.)t - t) - (1_:.)N (1)
Vyes = Cruvest(1 — 15 X 1077 x N X VKT — 0.476) )
Where N = ownership period (years)
r=  discount rate (%)
VKT = annual vehicle kilometers travelled.

Investment costs include the vehicle manufacturing direct costs, manufacturer mark-up
(accounted for by a retail price equivalent [RPE] factor), sales tax or value-added tax, both
applied to the retail price, incentive (or bonus/malus premium/charge), and initial
registration/licensing fees or taxes. For the BEV in the United States, the cost of home
electric vehicle service equipment (EVSE) is also included in the investment cost. Given
the capacity of BEVSs, charging times using only a Level 1 charger do not meet the
requirements of most consumers: a recent survey of California drivers found that only 12%
of Nissan Leaf owners did not have Level 2 EVSE at home [13]. Because of the higher
voltage level (240 V) in Europe, EVSE costs are not considered for Germany.

Residual values after a service time of 10 years were calculated using regression equations
developed by Propfe et al. [18] for each powertrain type. These equations were developed
from European vehicle sales data and may not accurately model resale values in the United
States. Resale values are uncertain, particularly for PEVS, since the used PEV market is
very immature. Residual values were estimated as a fraction of the total investment cost
rather than purchase price, since the investment cost was assumed to approximate more
closely the transaction cost as it includes incentives and fees, and since evidence suggests
that incentives decrease residual values [19]. A residual value of zero was assumed after a
service time of twelve years or a total distance travelled higher than 338,000 kilometers.
Cinvest = (CManuf)(F rpe) (1 + Taxsgpes) —
(Clncentives + CFee,init + CBatt repl + CHome EVSE) (3)
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where

Cinvest =
Cwanuf =

Total investment (upfront) cost
Manufacturing cost

Free = Retail price equivalent or mark-up factor = 1.5 [14]

Cincentives = Feebate (bonus/penalties) or incentive, see Table 3.
Incentives are shown as positive if they decrease the cost and
negative if they increase the cost.

Cree, init = Fees payable upon vehicle purchase see Table 3
TaXsales = State sales tax
Chattrepl = Battery replacement (PHEV and BEV); we

assumed no battery replacement in this paper.
Chome EVSE = Average cost of installing Level 2 EVSE [15]

The incentives have a high impact on the RCO and are geographically dependent. In the
United States, we considered only the federal subsidies (tax credits) for plug-ins, which
depend on the battery total rated capacity in kWh as follows: 2,500 U.S. dollars (USD) for
each PEV with at least 5 kWh total battery capacity, plus 417 USD for each kWh in excess
of 5 kWh, up to a maximum of 7,500 USD. We treat these values as 2015 USD. In reality,
the subsidy decreases for each automaker after the automaker sells more than 200,000
PEVs, which was neglected in this study. In Germany, the subsidies are 3,000 euros (EUR)
for each PHEV and 4,000 EUR for each BEV [16]. Using a conversion factor of one EUR
to 1.0598 USD results in 3,179 USD for each PHEV and 4,239 USD for each BEV. These
values are also treated as 2015 USD.

Table 3. Values for initial fees, incentives, and EVSE for year 2025 in USD2015

Incentives, Costs, | Conventional Conventional
Area ’ ’ . Compression PHEV BEV
and Fees Spark Ignition i
Ignition
Incentives 0 0 3,179 4,239
Initial fee 22 22 22 22
Motolr tax (USD2ois, 29 121 0 0
Germany period average)
EVSE cost 0 0 0 0
Maintenance
(USDansfkm) 0.06 0.06 0.06 0.05
Incentives 0 0 >2,500 >2,500
Initial fee 186 186 186 186
U.S. federal EVSE cost 0 0 0 1,204
Maintenance
(USDsons/km) 0.05 0.05 0.05 0.05

We evaluated sensitivities to assumptions by examining ranges of fuel prices, battery costs,
and annual distance travelled. From these results, we examined which factors are most
important in the United States and Germany for cost of ownership of PHEVs and BEVSs,
and under what combination of conditions PHEVs and BEVs are cost-competitive with
other drivetrains
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A new benefit cost analysis tool was developed (BEAN) to quickly analyze the economic
impact of different cost assumptions (e.g., components, fuel...) on different powertrain
technologies in the US and in Europe.

As shown in Figure 1, the results from the vehicle energy consumption are directly entered
into a specific Tab (“Autonomie Out”), including fuel and electrical energy consumption
but also component technologies, power and energy. The user can then enter the cost
assumptions (“Assumption” Tab). From there, all the main economic metrics (vehicle cost,
RCO, TCO, NPV, LCOD...) are automatically calculated,

e

sutsnamin 0wt | comsiconncon rev [ngo o1 e ] e conenan ] o con oot (IO

All other Tabs automatically filled

rasymption (calculations & figures)

Tab includes
all the values
required to
calculate costs

Autonomie outputs automatically
generated (previous process). Those
include all the information necessary to
calculate costs

Figure 1: BEAN (Benefit Analysis Tool)
Market Penetration Tools Review

The need to reduce CO2 emissions and petroleum use from the transport sector forces the
automobile industry, researchers and policy makers to think about the diffusion of plug-in
electric vehicles (PEVSs). For this purpose, a variety of models has been set up to analyze
factors that influence market diffusion and ways to accelerate it, e.g., by subsidies or
restrictions (USEPA/NHTSA 2010, EU 2014).These models differ greatly in structure,
internal logics and input factors, resulting in different diffusion results. A comparison of
these models can have at least two benefits — explaining the modeling reasons for the result
differences so that the probability of these different results misleading and obstructing
policy discussion can be mitigated; and exposing the underlying wisdom in designing the
model structure, formulating the internal logics and choosing the input factors so as to
advance the state of art in diffusion modeling.

Al-Alawi and Bradley (2013) reviewed market diffusion models for PEVs in the US and
compared the various model approaches used (agent-based, discrete choice, diffusion
models, etc.) to make recommendations for improved approaches. Daziano and Chiew
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(2012) also compared PEV market diffusion models for the US. They discussed relevant
factors influencing PEV adoption in the US and identified additional data needed for
developing improved models. There remains a need for a broader review of recent models
comparing approaches, input factors and findings from markets worldwide. Comparing
models developed for different markets as well as models for specific markets provides
new understanding of what factors are (or thought as) important and how they have been
represented in models. For this reason, we compared recent research papers on PEV market
diffusion to determine general conclusions and to address the following research questions:

e  What factors do current models include and what data do they use?

e  What factors influence market diffusion the most according to the papers?

e  Are there important factors that are not well modeled or not included in models

at all?

We focused on papers on at least a national or state level (no local models) and compare
only those where a PEV market diffusion model is explicitly described. Expert estimates
or very simple calculations are not considered here. For those models that are used in
multiple publications, we focused on the main publications and discuss results of the most
recent one. The present work differs from previous studies in several respects. First, we
compare models for different geographical regions: Europe, U.S., and other countries.
Second, we compare input factors and projected market shares from a wide range of models
at a high level without a detailed evaluation of model algorithms or mathematical
formulations. This provides a broad perspective of PEV market diffusion

4 Results

To be concise, this report primarily focuses on ownership costs of a 2025 midsize car
for average advanced technology and medium optimism cost estimates (cf. Table 2). In
addition, we assumed a period of 10 years of ownership and that the customer is not going
to change the battery pack during this period. The energy prices applied are displayed in
Table 1. The incentives applied, EVSE installation cost, and other ownership fees are
displayed in Table 1 according to the geographic area. Glider costs were assumed to be the
same for the United States and Europe but vary by year (cf. Table 2). We also assumed
that after the battery guaranty period (eight years or 160,000 km travelled), the total energy
capacity of the battery pack decreases by 4% each year.

Energy Consumption

Fuel and electricity (energy) consumption by different powertrains (conventional, PHEV,
and BEV) are compared in Figure 2. One can notice that the U.S. cycle, even though it is
less aggressive than the WLTC, leads to higher vehicle energy consumption, especially for
electrified vehicles, because of its real-world adjustment factor. The right-hand axis of
Figure 1 shows the relative difference in energy consumption in the U.S. combined cycle
vs. the WLTC by each vehicle type.
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Figure 2: Energy consumption comparison by powertrain and driving cycle

Energy Costs

Figure 3 shows the cost metric in Europe (using the WLTC as reference) and in the United
States (with the U.S. combined adjusted cycle as reference). Mainly because of higher
European energy prices (cf. Table 1), the cost of the energy per kilometer travelled is higher
in Europe than in the United States.
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Figure 3: Cost metric comparison by powertrain and driving cycle
To properly compare the overall cost of ownership between the United States and
Germany, we need to include the manufacturing cost, the maintenance cost over the years,
taxes, and fees. These are shown in Figure 4 for Germany and Figure 5 for the United
States. Negative costs (incentives) are shown below the axis and the total resulting RCO is
shown as a filled, red circle.
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Figure 4: RCO comparison between powertrains for 10 years of ownership in
Germany using the WLTC as reference
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Figure 5: RCO comparison between powertrains for 10 years of ownership in the
United States using the U.S. combined adjusted driving cycle as reference

For an ownership period of 10 years, only the BEV100 in both Germany and the United
States seems to be cost competitive with conventionally powered cars when using the
current market price as reference (cf. Figures. 4 and 5). However, as shown in Figure 5,
even though the U.S. driving cycle leads to higher energy consumption for electrified
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vehicles compared to the WLTC, fuel savings by PEVs are higher in Germany than in the
United States because of the high price of fuel.
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Figure 6: RCO comparison between the United States and Germany for 10 years of
ownership

Impacts of Other Factors

We evaluated the effect of different factors on the competitiveness of PEVs on the U.S.
and German markets.

Manufacturing cost

The battery manufacturing cost has a direct impact on the selling price of the vehicle and
hence on the customer purchase decision. The heat maps below (Tables 4 and 5) display
the RCO by powertrain for a range of manufacturing battery costs. The color of each cell
in the table indicates whether the RCO is higher (red) or lower (green) in comparison to
the others. Values in Tables 4 and 5 are based on the annual distance, discount rate, and
fuel prices shown in Table 1. Tables 4 and 5 show that the PEV's become more competitive
as the battery cost decreases. For instance, the BEV300 becomes even more economical in
the United States than conventional vehicles at 100 USD2015/kWh or less, for an
ownership period of 10 years.
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Table 4. RCO by battery cost and powertrain for 10 years of ownership in the

United States using the U.S. combined adjusted driving cycle as reference

Conventional | Conventional|Split PHEV20| EREV PHEVA0| BEV100 | BEV200 | BEV300
Variable 1 Sl o] S| Sl Elec Elec Elec
400 | 37,841 | 39,467 | 38279 | 41,523 | 39,643 | 49,002 | 62,414
300 37,841 39,467 | 36,876 | 38,949 | 36,270 | 43,355 | 53,472

Battery costs
105D 205K 00 | 37,841 | 39467 | 35474 | 36,376 | 32,896 | 37,708 | 44,530
100 37,841 39,467 | 34873 | 34378 | 29,523 | 32,061 | 35,588
50 37,841 39,467 | 34873 | 34378 | 27,836 | 29,238 | 31,117

Table 5. RCO by battery cost and powertrain for 10 years of ownership in Germany

using the WLTC as reference

Conventional | Conventional | Split PHEV20| EREV PHEV40 | BEV100 | BEV200 | BEV300

Variable 1 S| Cl Sl S| Elec Elec Elec
400 35,734 37,582 | 37,064 | 43543 | 41,207 | 51,541 | 66,357
300 35,734 37,582 | 35,531 40,728 | 37,518 | 45,366 | 56,578
{U‘S‘;*_‘;Z;/"xh} 0 | 35734 | 37,582 | 33997 | 37,914 | 33829 | 39,191 | 46,799
100 35,734 37,582 | 33,340 35,729 | 30,140 | 33,015 | 37,021
50 35,734 37,582 | 33,340 35,729 | 28,295 | 29,928 | 32,131

Annual distance travelled

As expected, the annual distance travelled by the customer will have a direct impact on the
cost competiveness between different powertrains (cf. Figure 7); higher annual distance
travel plays in favor of the PEVSs. For instance, in the United States, at around 24,000
km/year for 10 years of ownership, the PHEV20 and BEV100 become more economical
than the conventional spark ignition (SI) vehicle (Table 6). In Germany, largely owing to
the higher fuel and electricity prices, the PHEV20 becomes competitive at higher distances

travelled than in the United States (cf. Tables 6 and 7).
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Table 6. RCO by annual distance travelled and powertrain for 10 years of
ownership in the United States using the U.S. combined adjusted driving cycle as

reference
Conventional | Conventional | Split PHEV20| EREV PHEVAO | BEV100 | BEV200 | BEV300
Variable 1 Sl a Sl Sl Elec Elec Elec

4023| 53,695 | 55285 | 52,059 | 54,129 | 47,547 | 54,522 | 64,172

28| 47,112 | 48,779 | 46,503 | 48956 | 42,379 | 48,968 | 58,331

Annual VKT {km}( 24,240 | 39,385 | 41,019 | 39,648 | 42,226 | 35882 | 41,937 | 50,556
16093 | 31,660 | 33,260 | 32,842 | 35502 | 29,386 | 34,908 | 42,781

8047 | 2393 | 25502 | 26,243 | 28,822 | 22,891 | 27,879 | 35,007

Table 7. : RCO by annual distance travelled and powertrain for 10 years of
ownership in Germany using the WLTC as reference

Conventional | Conventional | Split PHEV2D | EREY PHEVAD | BLV 100 BEV 200 EEW300
Variabie 1 51 a 5l 5l Elec Elec Hec
40,233 65,514 65,916 62,098 69,968 58,991 | 69494 m
32186 57,323 58,260 553,559 63,002 34,235 | 62A4B0 | 74,159
Annaal VET {Kmj | 24,140 47,769 49,109 47,375 54,082 46,021 | 53541 | 64,216
16,093 3B6.217 39,960 39,192 45,161 37.B08 | 44602 | 54,274
8047 ZB,66T 30,813 31,009 36,223 29,597 | 35,665 | 44,333

Figure 7: RCO by annual distance travelled and powertrain for 10 years of
ownership in the United States using the U.S. combined adjusted driving cycle as
reference
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Energy price
The impact of fuel price is far more important in Europe. Table 8 shows the impact of a

potential fuel price evolution in Germany. At a gasoline price of 2.38 USD2015/liter (9.01
USD2015/gallon), the PHEV20 and the BEV100 will become more economical than
conventional cars. The electricity price also plays a role in the overall cost for the owner
of a PEV, as shown in Table 9. At electricity prices as low as 0.08 USD2015/kWh, the
PHEV20 and the BEV200 become cost competitive over an ownership period of 10 years.
However, the RCO of the PHEV40 or the BEV300 are higher than for conventional cars
even at an electricity rate as low as 0.08 USD2015/kWh. If carbon emissions are priced,
and the cost is reflected in higher fuel prices, this will tend to favor lower-carbon emitting
PEVs, especially BEVs.

Table 8: RCO by fuel price and powertrain for 10 years of ownership in Germany
using the WLTC as reference

Conventional | Conventional | Split PHEV20| EREV PHEV40 | BEV100 | BEV200 | BEV300
Variable 1 SI 4] S| SI Elec Elec Elec Variable 2
238 | 40,793 | 42,383 | 38,938 | 44,243 | 35673 | 42,278 | 51,689 | 238
cainen 198 | 38450 | 40,258 | 38,070 | 43592 | 35673 | 42,278 | 51,689 | 198 el
asoline price iesel price
{USD,2015/liter 132 | 34544 | 36,716 | 36,624 | 42,509 | 35673 | 42,278 | 51,689 | 132 USD_ 205t}
092 | 32,201 | 34591 | 35756 | 41,859 | 35,673 | 42,278 | 51,689 | 092
026 | 28,296 | 31,049 | 34309 | 40,775 | 35673 | 42,278 | 51,689 | 026
Table 9. : RCO by fuel price and powertrain for 10 years of ownership in Germany
using the WLTC as reference
Conventional | ConventionalSplit PHEV20| EREV PHEV40 | BEV100 | BEV200 | BEV300
Variable 1 S| Cl S| Elec Elec Elec
04 35,734 37,582 37,083 42,868 | 35,725 | 42,332 | 51,745
- 0.32 35,734 37,582 36,572 42,086 | 34,341 | 40,899 | 50,253
E'e‘{‘;}m"‘e 024 | 35734 | 37,582 | 36,060 | 41,303 | 32,957 | 39,465 | 48,761
0.16 35,734 37,582 35,548 40,520 | 31,573 | 38,031 | 47,269
0.08 35,734 37,582 35,037 39,737 | 30,190 | 36,598 | 45,777

For the combination of factors considered here (Table 1), the U.S. gasoline price must
reach 1.32 USD2015/liter (5.0 USD2015/ gallon) for most PEVs to become cost
competitive (cf. Table 10).

14
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Table 10. : RCO by fuel price and powertrain for 10 years of ownership in the

United States using the U.S. combined adjusted driving cycle as reference

Conventional

Conventional

Split PHEV20

EREV PHEV40

BEV100

BEV 200

BEV300

Variable 1

Sl

Cl

Sl

Sl

Elec

Elec

Elec

2.38

58,279 39,467

44,623

44,764

34,583

40,532

49,001

1.98

53,517 39,467

43,145

43,859

34,583

40,532

49,001

line price

{usp_2015/Liter} | 132

45,581 39,467

40,681

42,351

34,583

40,532

49,001

0.92

40,819 39,467

39,203

41,445

34,583

40,532

49,001

0.26

32,882 39,467

36,739

39,937

34,583

40,532

49,001

Incentives Influence

Incentives have a significant impact on the relevant cost of ownership. Therefore, we
applied hypothetical variations on the initial value to enhance their impact on the RCO.

Four different cases were applied in this study:
e Suppression of the incentive (0% of the current incentive’s values applied)
» Reduction of 50% of the current value of the incentives
¢ No change in the incentive (100% of the current values applied)

< A hypothetical case of an increase of 50% of the incentive (150% of the current

incentive’s values applied)

Tables 11 and 12 below display the new RCO according the incentive variation and

the geographical area.

Table 11. : RCO by incentives variation and powertrain for 10 years of ownership
in the United States using the U.S. combined adjusted driving cycle as reference

Conwventional

Conventional

Split PHEV20 | EREV PHEWV &0

EEV100

BEW 200

BEW300

Variable 1

sl

ol

sl

sl

Elec

Elec

Elec

0%

37,841

39,467

40,986

45,539

41,226

47,175

55,644

Ince ntive [%of 506

37,841

39,467

39,632

43,209

37,905

43,853

52,323

current wloe ) 1005

37,8481

39,467

38,279

40,879

34,583

40,532

49,001

1508

37,841

39,467

36,925

38,549

31,261

37,210

45,679

Table 12. : RCO by incentives variation and powertrain for 10 years of ownership
in Germany using the WLTC as reference

CGonventional |Conventional

SplitPHEVXD

EREV PHEV40| BEV

100 | BEWV 200

BEV300

Variable 1

5l

Cl

4|

51 Elec

Elet

Elec

0%

35,734

37,582

39,630

45,405 | 39,095

45,700

55,111

Incentive (% of | 50%

35,734

37,582

38,347

44,12 | 37,384

43,989

53,400

amrentvaluel | 100%

35,734

37,582

37,064

41839 | 35673

42,278

51,689

150%

35,734

37,582

35,781

41,55 | 33962

40,567

49,978

Tables 11 and 12 show how much the incentive influences the RCO of electrified vehicles.
Indeed, if the incentive is suppressed in the U.S., the RCO for the BEV 100 will decrease
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by almost 10% and by 7% for the Split PHEV20. If PEV incentives are decreased or
eliminated, this can be expected to reduce PEV market share.

Combination of factors
We examined ranges of factors to determine what combinations enable BEVS to be cost-
competitive with conventional Sl vehicles. The ratio of the RCO of a BEV200 to that of a
conventional Sl vehicle under different assumptions is shown in Figures 8 and 9. Those
figures display the contours of a constant RCOBEV200/RCOConvSI ratio for ranges of
battery costs and annual distance travelled for three different electricity prices. All others
parameters remain constant (as given in Tables 1, 2, and 3).

EU - Electricity price $/kWh - 0.5 P EU - Electricity price $/kWh - 0.2
145 {ORCO ratio, BEV20D/Conv ) 135 12 (CIRCO ratio, BEV2D0IConY
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Figure 8: RCO ratio between BEV200 and conventional SI by annual distance
travelled, battery cost, and electricity price, for 10 years of ownership in Germany
using WLTC as reference
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Figure 9: RCO ratio between BEV200 and conventional SI by annual distance
travelled, battery cost, and electricity price, for 10 years of ownership in the United
States using the U.S. combined adjusted driving cycle as reference

In Germany, mainly due to the high fuel cost for conventional vehicles, at high annual
distance travelled, the BEVV200 can be competitive with conventional vehicles (Figure 8).
Furthermore, the electricity price will also have an impact on both the cost ratio between
BEV200 and conventional Sl, and on the way the annual VKT and battery cost will affect
this ratio. Indeed, (cf. contours outlined in red in Figures 8 and 9) the slope of the
RCOBEV200/RCOConvSl lines increases as electricity price decreases and the difference
in the energy cost per kilometer increases. As shown in Figure 8, at high electricity prices
(0.35 USD2015/kWh in the United States) while others parameters remain constant, the
slope of contours become negative, since the energy cost per kilometer for the BEV is
higher than that of the conventional vehicle, and the RCO ratio increases with annual
distance travelled.

Market Diffusion Models
The results consist of a comparison of the 40 papers mentioned before and are divided into

four parts.

Models Approaches

When comparing model approaches, there are many possible classifications (see e.g. (Al-
Alawi and Bradley 2013, Jochem et al. 2017, Daziano and Chiew 2012) as well as [Gnann
and PIl6tz, 2015, Section 3.1] for a discussion). In this model comparison, we choose a
simple classification, since many models cannot be categorized well according to the above
mentioned categorizations. We classify them with respect to their level of aggregation to
highlight the general detail of the models: (1) Very aggregated models that consider only
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the vehicle stock for their analysis; (2) more disaggregated models that model the vehicle
sales and differentiates multiple market or customer segments; (3) the most disaggregated
approaches model on the level of individuals and combine them for vehicle sales
afterwards. The numbers of each type of published models per year of publication are
shown in Figure 10.

disaggregated @) m
sales modeled “

wucsci | @ QOO

2008 2010 2012 2014 2016
Figure 10: Model type and year of publication

Attributes Included

We analyzed four groups of attributes that are considered in the models: (1) factors directly
related to the purchase decision, (2) attributes of vehicles that are considered in the models,
(3) attributes to describe consumer characteristics and (4) factors especially important for
PEVs.

To model the consumer choice, ownership costs are often used which contain vehicle cost
and energy prices. Furthermore, a common differentiation in the consumer choice is the
number of decision alternatives that is presented to the consumer.1 Almost all models
cover the purchase price (37/40) as a simple factor for vehicle cost. Also fuel costs are
taken into account by 33 models. However, operating costs apart from fuel cost (e.g.
operations & maintenance, insurance or vehicle registration tax) are not so often covered
(20/40) and the inclusion of resale prices is very rare (5/40). While these other costs are
hard to determine, the difference in O&M can play an important role in the operating cost
and should not be neglected (see e. g. (Propfe et al. 2012) for a good approach).

Apart from the drive trains, the vehicle attributes considered in this review included vehicle
registration attributes, which are: vehicle size class, diversity of makes and models within
a powertrain type, and car holder (private, company or commercial fleet ownership). We
also reviewed technological improvements in battery technology or energy consumption,
vehicle availability and other vehicle attributes such as comfort, power or emissions. We
find three main differentiations in vehicle registration attributes in the models which are
also evident in Figure 11.
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number of models
0 5 10 15 20 25

vehicle size
models/makes
car holder
other factors
none of these

Figure 11: Vehicle registration attributes covered in models

Several consumer characteristics are considered in the models: differentiation or
segmentation of consumers by different characteristics, and the interaction between
consumers. The most important attributes for the characterization of certain consumer
groups are shown in Figure 12.

number of models
0O 5 10 15 20 25

driving distance
income

adopter groups
consumer preferences
geographic different.
perople in household
vehicles in hh

none of these —

Figure 12: Consumer attributes used in models

The factors especially important for the PEV market diffusion comprise factors related to
vehicle range, charging infrastructure and which type of policy measures are included. The
majority of models considers the limited range of BEVs (24), yet there are still quite a few
models that do not. When projecting short- to medium-term PEV market diffusion, this is
an obligatory factor to consider and together with cost, the main factor preventing many
consumers from buying BEVs (NRC 2015). A few authors try to include the range anxiety
(5) or the charging times (5) explicitly in their models. Since this will remain an issue for
some years, a consideration in future models could be useful. Charging infrastructure is
also decisive for the market diffusion of PEVs. Yet, 15 models do not contain charging
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infrastructure at all. In 18 papers, the authors model charging infrastructure without a
differentiation between private, semipublic and public charging infrastructure (LIT) while
seven models do. An endogenous infrastructure evolution with a rising number of PEVs is
considered in eleven models. Although, we believe that the differentiation in different
types of charging infrastructure is helpful to also consider the benefits of plug-in electric
vehicles, the inclusion of any kind of charging infrastructure should be a prerequisite for
PEV market diffusion modelin

Comparing Model Projections

Results are at the heart of each scientific publication. However, a comparison of results
from the papers is very difficult since their assumptions are often different and the
influence of different input factors is investigated while a comparison with the same input
factors may be a valuable comparison (e.g. Stephens 2014)..The absolute number of PEVs
is not the only and most of the time not the most important outcome. Nevertheless, there
are some outputs that may be compared, e.g. the sales shares of PEVs in different years
distinguished by battery electric vehicles (BEVs) and plug-in hybrid electric vehicles
(PHEVs) in Figure 13. Here, we only show the results from the base scenarios of the papers
and only those where a distinction of these PEV types is clearly shown for the vehicles
sales. We show these results for the years 2020, 2030 and 2050.

The first observation in these graphs is that market diffusion results are extremely uncertain
and the market shares in 2020 vary between 0.4% in (Propfe at al. 2013) and 16.8% in
(Eggers and Eggers 2011) for the German market. This range is even higher when looking
to 2050 where Liu and Lin (2016) derive a 60% market share for the US market while
Pasouglu et al. (2015) determines 23% for the EU in 2050. Yet again, the absolute market
shares should not be in focus of market diffusion model results, this just shows the great
deal of uncertainty
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mentioned in studies covered in studies
0 10 20 30 40 40 30 20 10 O

purchase price | purchase price
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charging infrastructure | charging infrastructure
policies | policies
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availability of PEVs availability of PEVs
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Figure 13: Left panel: Most important factors for PEV market diffusion stated by the
authors of the models; Right Panel: Factors covered in the studies (factors with “n/a”
were not investigated)

countries but could indicate future evolutions. Currently, there is a focus on purchase prices
and vehicle attributes in the US and more weight is put on energy prices in Germany. Yet,
this could change for the US if energy prices rise. Models should not be interpreted beyond
the focus of their research questions. Only some results can be compared between models,
e.g. PHEV vs. BEV shares. Models cannot predict exact market shares, but they help to
understand what influences market diffusion (drivers and barriers). A large variety of
results and heterogeneity of research questions is found. Different changeable factors (e.g.
vehicle attributes) and external input factors (which can’t be influenced directly, e.g.
energy prices) influence them and a large variety of these factors are observed (16 in total).

For future research and PEV market diffusion models, several key points stand out: Future
models for PEV market diffusion should cover more attributes than purchase price and
operating cost. Several models lack the important PEV-specific features (limited range of
BEVs: 16/40, Charging infrastructure: 15/40, technological and cost improvement of
batteries over time 15/40). Some segmentation is helpful since not all vehicle buyers are
equal (e.g. both product and consumer segmentation) and is especially important when
early markets are modeled. Current (and future) policies should be integrated in model
development. Future models should be capable of incorporating policy regulations (CAFE
standard or CO2 limits on vehicle sales). Also, the incorporation of indirect (non-
monetary) incentives should be considered, although it is difficult (since they often apply
on a local level or apply to suppliers rather than to consumers), but could largely influence
PEV market diffusion. Authors of future papers should mention important factors for PEV
market diffusion especially if they have some quantitative evidence. One may interpret
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some of the papers that they overestimate importance the factors they integrate instead of
mentioning and discussing other important factors. An objective evaluation and
quantitative assessment of the modeled and missing factors would contribute even more to
this field of research

5 Conclusions

PEVs can be cost-competitive with other powertrains under favorable conditions. These
include various combinations of high fuel prices, low battery costs, and high annual driving
distances. Energy savings from PEVs, especially BEVs, are somewhat sensitive to the fuel
and electricity consumption estimates. The differences in fuel costs between the WLTP
and adjusted U.S. cycles indicate the importance of energy consumption values. These
differences become more important under high fuel prices. When energy costs per
kilometer for PEVs and conventional vehicles differ widely (high gasoline price and low
electricity price), annual distance travelled becomes an important factor and PEVs can be
cost competitive at high annual VKT. When energy cost per kilometer is similar, purchase
price differences are more important, and PEV cost competitiveness is more sensitive to
assumptions about battery costs. Since future fuel prices are uncertain, and driving
distances differ between drivers, it is difficult to predict how competitive PEVs will be,
but it is important to consider the interactions of multiple factors. However, there are
factors that we did not consider that influence BEV adoption, such as the difference
between the acceleration performance of PEVs and conventional vehicles, the limited
range of the BEV100 and BEV200, and also availability of public charging stations.

6 Contact Details of the Operating Agent
Aymeric Rousseau
Argonne National Laboratory
Building 362, Room C265
9700 South Cass Avenue
Argonne, IL, 60647
USA
Phone (+1) 630-816-5471
Email arousseau@anl.gov
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