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Abstract

This paper estimates the investment and subsidy costs that may be needed to bring light-duty
battery and fuel cell electric-drive vehicles into the U.S. market in large numbers by 2035, along
with the investment costs and subsidies for associated electricity and hydrogen refueling
infrastructure. We estimate that during this 20-year transition period, the investments (additional
purchase costs) for the vehicles and the first costs of installing refueling stations and charging
infrastructure could total $300 to $600 billion dollars. Purchase cost increments for vehicles
typically make up 70-80% of these costs. Using a breakeven cost analysis and taking into account
fuel savings, we estimate that subsidy levels for vehicles may be 10-20% less than these first cost
increments. The separate subsidies required for fuel infrastructure are estimated to be a very small
percentage of their investment costs, particularly if hydrogen refueling infrastructure becomes
commercially viable after an initial period of introduction in early adopter (or “lighthouse”) cities,
as we assume in our scenario. Several sensitivity analysis cases do not change the general
conclusions regarding the magnitudes of investments and subsidies. These investments and
subsidies are found to be a relatively small share of total projected U.S. consumer spending on
new vehicles and fuels over the next 20 years, and could be paid for with small percentage fees on
new vehicle sales and a few cent increase in fuel taxes.

Executive Summary

A revolution in vehicle technologies and fuels will be needed to achieve deep cuts in greenhouse
gas (GHG) emissions. To realize a “2 degree scenario” by 2050, studies by the International
Energy Agency (IEA) and the U.S. National Academies of Science, Engineering and Medicine
suggest that the world’s light duty fleet will be a diverse mix of highly efficient internal
combustion engine hybrids, plug-in electrics and hydrogen fuel cell vehicles, running on low
carbon fuels. Making this radical transition will involve surmounting many barriers, including the
investment costs of bringing new types of vehicles and their fuel infrastructures into the market,
and reaching competitiveness with incumbent vehicle and fuel technologies. But how large are
these barriers? How much would it cost to make a widespread transition to new technology
vehicles (such as electric battery or fuel cell) and their required energy types (electricity,
hydrogen)? How might these costs compare to ongoing expenditures on petroleum-powered
internal combustion engine vehicles (ICEVs) and fuels?
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In this study we estimate the overall investments needed to bring electric and hydrogen light-duty
vehicles and fuels down the cost curve to become cost competitive with incumbent technologies.
We also estimate the subsidies needed to bring about those investments. We use a simplified
scenario of the market penetration and sales rates of three types of electric drive vehicles (EDVs).
These are battery electric vehicle (BEV), plug-in hybrid electric vehicle (PHEV) and fuel cell
vehicle (FCV) out to 2035 as a basis for our investment cost and subsidy scenario, with a range of
sensitivity cases. We take into account the incremental first costs of these vehicles over base
gasoline models (of improving fuel economy), as well as the direct investment costs into electric
and hydrogen refueling systems needed to fuel these vehicles. Our subsidy estimates are based on
a breakeven cost analysis for consumers (in terms of incremental vehicle purchase costs v. fuel
savings over time) and for investors into refueling infrastructure (in terms of the breakeven cost of
net revenues from selling energy relative to paying for the capital investment and operating costs
of equipment!).

Our main findings are as follows:

* We estimate that during a transition to EDVs in the U.S., the investments (additional
purchase costs) for the vehicles and the new capital investments in chargers and refueling
station infrastructure could total several hundred billion dollars, spent over the next 20
years. Our specific range across scenarios is from $300 to $600 billion, or about $12 to 24
billion per year, with the amount rising over time, reaching about $55 billion in 20352.

* Purchase cost increments for vehicles typically make up 70-80% of these costs across the
scenarios. Using a breakeven cost analysis, we estimate that the needed subsidy levels to
achieve a breakeven cost condition for vehicles may amount to 10-20% less than these first
cost increments, and can decline rapidly after a societal breakeven point is achieved
(around 2023-2028). In comparison, the subsidies required for fuel infrastructure may be
a very small percentage of the investment costs, with those for hydrogen refueling stations
needed only until each station becomes profitable, and none required for electric home
recharging infrastructure. Hydrogen fuel cell vehicle rollout is regional in nature, as
infrastructure and vehicle introduction must be coordinated in space and time. We assume
hydrogen is introduced strategically in a series of early adopter regions, an approach that
is expected to be more cost-effective, with lower subsidy requirements, than introducing
hydrogen simultaneously throughout the United States.

* Asshown in figure ES-1, we look at a range of scenarios including a base case (with a
given rate of battery and hydrogen delivery cost reduction associated with the sales ramp
up where EDVs make up about 70% of new light duty vehicle sales and 30% of the on-
road fleet by 2035), and a range of sensitivity cases, including:

1. A “slow market adoption” case where EDVs are introduced 50% as fast as the base
case,

2. A “high ICEV efficiency” case where internal combustion engines achieve very high
efficiency, making it harder for EDVs to compete on the basis of fuel savings;

3. An “optimistic EDV cost” case where EDV technology advances faster than in the base
case and costs fall more rapidly (based on optimistic case results from the National
Academies’ 2013 study as shown in Appendix A), and

' We assume that the stations have a lifetime of 15 years and the station owner pays 12% real interest on the
investment.
* Costs are given in 2015 dollars and are not discounted.
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4. A “high oil price” case where we assume oil prices are higher than in our Base Case -
these are based on EIA’s 2015 AEO High Oil Price case instead of their Reference
Case3.

5. A “low oil price” case where we assume oil prices are lower than in our Base Case -
these are based on EIA’s 2015 AEO Low Oil Price case instead of their Reference Case.

6. A case where the “untaxed” gasoline price is compared to untaxed alternative fuels.

A “high battery cost” case, where battery costs are from the NRC 2013.

8. A “low carbon” electricity and hydrogen supply case, where renewable technologies
are introduced and account for 33% of new supply after 2020.

o

Cumulative Investments and Subsidies
for EDV Scenarios with updated Battery Costs
2010 to 2035 (Smillion)
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Are these estimated investment and subsidy costs large? Yes, from the perspective of vehicle and
fuel buyers and taxpayers. But when these estimated transitional investment and subsidy costs are
compared to the base cost that all U.S. consumers spend on new vehicles and fuels for light-duty
vehicles (~$1 trillion per year, or $20 trillion to 2035), the cost is modest, even small. Indeed, the
benefits could far outweigh the costs in the long term, as in our scenarios the value of fuel savings
becomes greater than incremental vehicle costs after about 2023-2028.

? The reference case 2035 crude oil price is $120/bbl ($2015); the 2035 low oil price case is $72/bbl; the 2035
high oil price case is $220/bbl. Source: US EIA AEO 2016, Figure 3.
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Although we used the 2013 NRC study as a basis for most vehicle component costs, we have
updated the battery costs to reflect more recent estimates (Nyquist and Nilsson 2015). Breakeven
occurs 2 to 5 years later, and investment (and subsidy) costs are $100-200 Billion higher if the
NRC battery cost numbers are used. This highlights the importance of reducing battery costs.

Finally, we explore policy strategies for spreading the transition cost among consumers, taxpayers,
and industry. We explore a feebate strategy to pay the incremental cost of EDVs with fees on
conventional vehicles, finding fees averaging below $750 per vehicle for vehicles purchased over
the next 20 years, and peaking at about $ 1400 per vehicle in 2030, are sufficient to pay for the
vehicle transition. To track subsidy costs (taking into account fuel savings and lowering the
fees/rebates accordingly), average fees for non-EDVs would begin at about $300 and rise to about
$1000 per vehicle by 2030 in the base case, then decline to under $200 in 2035 before being
phased out. If varied by CO2 emission level, some high emitting vehicles might have a much
higher fee, with low CO2 vehicles having a much lower fee. On the fuel side, we explore a fuel tax
to pay for the costs of the hydrogen refueling station build-up until it becomes commercial, and
find that a tax in the range of one cent per gallon of gasoline equivalent (that could be levied
across all fuels including hydrogen and electricity) is sufficient to pay subsidy costs in the base
case.

This analysis is partial; it does not include the transition costs associated with trucks or non-road
modes; it also is simplified in assuming that vehicle subsidies need only to cover incremental first
costs taking into account fuel savings. It is not a consumer choice analysis and does not include
any analysis of non-market attributes (such as vehicle range or performance) and how these affect
vehicle demand. Currently the U.S. and many state governments offer subsidies for EDVs
reaching as high as $10,000 for some models (such as fuel cell vehicles purchased in California),
but much lower in other cases (such as just a few thousand dollars for plug-in hybrids). These are
probably well below the incremental costs of typical EDVs today, so our scenarios may involve
higher rates of subsidy for some years than is currently in place. On the other hand, current
subsidies may not be sufficient to reach the sales levels included in our base case through 2035.
Costs for transitioning electricity and hydrogen supply to low carbon primary sources are
explored a low carbon supply scenario to 2035.

The Sustainable Transportation Energy Pathways (STEPS) program at the Institute of
Transportation Studies, UC Davis (ITS-Davis) continues to work on this topic and will produce
additional reports that address further details of a transition to EDVs in the coming decades.
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Introduction

As presented in a number of recent studies, there is broad agreement that in order to achieve a
lower carbon transport future, multiple fuels will need to be pursued, along with new vehicle
technologies—including battery electric and plug-in hybrid vehicles, hydrogen fuel cell vehicles,
and low-carbon biofuels (Ogden and Anderson 2011, Yang et al. 2013, IEA ETP 2012, EIA Low
CO2 Transport 2011, NRC 2013). A 2012 study by the International Energy Agency (IEA) is
typical of recent results, indicating that by 2050, about two-thirds of global new light duty vehicle
sales would need to be electric drive vehicles (EDVs) — defined here as pure battery electric
vehicles (BEVs), plug-in hybrid electrics (PHEVs) and hydrogen fuel cell vehicles (FCVs) — with
the remainder being very efficient internal combustion engine vehicles (ICEV) fueled with liquid
biofuels (Figure 1). The “4DS” case (below on the left) refers to a transport sector scenario
consistent with a global average temperature rise of 4°C. The “improve” case (below right) is a
transport scenario consistent with a rise of 2°C.#

That study also estimated that the costs of introducing the new types of vehicles and fuels around
the world (their incremental costs), might be on the order of $20 trillion through 2050, but with
associated fuel savings that are expected to be of a greater magnitude. And these costs and savings
are set in the context of nearly $500 trillion projected to be spent on new infrastructure, vehicles
and all fuels across the world’s entire transportation system in that time frame.

Figure 1. IEA ETP 2012, Global Portfolio of Technologies for Passenger Light-duty Vehicles by Scenario

4DS Improve case
c
S
3
% 150 150 o
3
~
>
(=]
a 50 50
0 . . . . . r - - - ] 0 r T T T T T T T T T 1
2000 2010 2020 2030 2040 2050 2000 2010 2020 2030 2040 2050

Gasoline  mDiesel MCNG/LPG Gasoline hybrid W Diesel hybrid  m Plug-in hybrid diesel  m Plug-in hybrid gasoline Electricity FCEV

B e e T e e
Ay ana rCLvs togetner account Jjor nearly tnree-quar-

Key point

* The 4Ds for transport represents a trajectory that unfolds with existing and upcoming policies. OECD countries continue
to tighten fuel economy standards up to 2025 for both passenger LDVs and road-freight vehicles. PHEV and BEV market
penetration is slow, similar to what happened with HEVs initially.

The Improve case focuses on technology improvements that lower GHG emissions; it implies tightening fuel economy
standards through 2030 on new cars. Electric vehicles start displacing the ICE from the mid-2020s, joined by FCEVs in the
2030s. When coupled with mode shifts, it is consistent with transport sector that contributes to the 2°C target.
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Another recent study for the U.S. (NRC 2013) analyzed a diverse set of low carbon scenarios for
the light duty sector, including cases where electric drive makes up 80% of new light duty vehicle
sales in 2050. A Figure from one NRC hydrogen intensive case is shown below. The overall
electric drive sales are about 8 million in 2030 and 13 million in 2035, comparable to our scenario
as shown in Figures 2 and 3. The National Academies’ 2013 study also estimated the impacts of
various policies and subsidies on consumer adoption of alternative fueled vehicles, and estimated
the investments needed for vehicle subsidies and new infrastructure to support these vehicles. The
discounted cumulative cost of infrastructure development from 2010 to 2050 was estimated to be
$100-400 billion depending on the scenario, typically about $1,000-2,000 per vehicle for electric
or hydrogen vehicles. The discounted cumulative subsidy for vehicles was estimated to be $50-
150 billion. Overall, counting consumer’s fuel savings plus societal benefits such as greenhouse
gas emissions reductions and greater independence from oil, there was a strong positive net
benefit in most cases examined.

Figure 1b. Vehicle sales for a National Academies scenario modeling the adoption of plug-in electric
vehicles, hydrogen fuel cell vehicles and biofuels (NRC 2013).
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FIGURE 5.27 Vehicle sales by vehicle technology for midrange technologies and policies promoting the adoption and use of plug-in electric
vehicles, hydrogen fuel cell electric vehicles, and biofuels.
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Transition Scenarios

Despite relative successes in some markets where policy support and incentives are strong, EDVs
have faced major challenges in displacing ICEVs. The key questions remain — how might
transitions to EDVs and low carbon energy carriers (electricity, hydrogen) take place over the next
few decades and what would these transitions cost? This paper examines these transition costs for
light-duty EDVs (including battery-electric vehicles, plug-in hybrid electric vehicles, and
hydrogen fuel cell electric vehicles) to 2035 and costs of building refueling infrastructure for these
vehicles. We estimate when these EDVs might become competitive with incumbent petroleum
fueled vehicles, and when provision of fuels might become commercially viable without subsidies.
Transition costs and subsidy costs are compared with other monetary flows in the transportation
energy system.

To explore transition issues, we have developed the “STEPS Transition Model,” a simplified
EXCEL-based scenario model for EDV adoption in the U.S. that is broadly consistent with results
from more complex energy/economic optimization (IEA 2012) and consumer choice models
(NRC 2013). This model allows us to transparently explore a broad range of different scenarios
and input assumptions, and estimate the magnitude of the investments and subsidies required.
The “STEPS Base Case” and several alternative scenarios are used as a basis for estimating
transition costs for “launching” various types of new light duty vehicles and fuels, e.g. bringing
them to lifecycle cost competitiveness with incumbent gasoline ICEV technologies. We consider
EDV sales scenarios to 2035 that could put the U.S. on a path to deep greenhouse gas (GHG)
emission cuts by 2050, consistent with a 2 degree scenario.

Approach to Estimating the Investment and Subsidy Costs of New Transportation Technologies
(see Appendix A for details).

This analysis estimates the investment and subsidy costs of new technologies during a 20-year
transition, but what do we mean by this? We focus primarily on two types of investments: new
refueling infrastructure (namely electric recharging and hydrogen refueling stations) and new
vehicle types (electric, plug-in hybrid and fuel cell vehicles). Our investment costs for the former
are considered from the point of view of companies building these stations — what must they pay
to install this equipment? We take into account all station capital, but no operating costs of this
equipment. (This assumes that the fuel supplier pays to operate the station once it is built. In our
station cash flow simulations, we find that the sales of hydrogen approximately pay for the
operating costs after the first year or so, assuming a growing market. So capital costs are taken as
the main measure of how much investment might be at risk for station developers.) For the latter
(the investment costs of vehicles), we consider this from the consumer perspective — those who
buy vehicles. And we include only the incremental purchase costs of these vehicles, since the
electric or fuel cell vehicles are bought instead of a base conventional vehicle (for which we
assume the average price of new LDVs). Together these total station capital costs and incremental
vehicle purchase costs account for all the investments in this study, between 2015 and 2035. (For
details, please see Appendices A and B).

As for subsidies, we consider these to be the portion of the investment costs that would need to be
paid by “society” (probably governments/taxpayers) to encourage the transition, until the private
sector is willing to make these investments on their own. For stations, we assume that all costs for
building hydrogen stations are paid by governments until hydrogen costs drop to where this fuel
is competitive and sales are high enough that the private sector can make a normal return on
investment. For vehicle purchase, subsidies are assumed to equal the difference between the retail
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price equivalent of new vehicles and the base vehicle price until the year when fleet-wide fuel
savings from operating these vehicles is equal to these vehicle incremental costs. There are still
investment costs after this point (i.e. still vehicle incremental costs) but they are outweighed by
fuel savings. (The underlying concept is that society as a whole “breaks even” economically once
the incremental cost of buying EDVs in year N is offset by fuel cost savings that year from the on-
road EDV fleet. This is a “cash flow” approach and was used in various studies including NRC
2008 and McKinney et al. 2013). The breakeven year would be about the same if we consider the
extra vehicle cost versus the lifetime fuel savings for an individual vehicle. Our model does not
explicitly include “consumer choice” factors like driving range, recharge/refueling time and
avilability, or trunk space that could increase the required subsidy, or electric drive performance
or “greenness”, which might reduce it. (Please see Appendix A for a full discussion of modeling
methods.)

The STEPS base case scenario for new electric vehicle sales and stock build-up for these vehicles
to 2035 is shown in Figures 2 and 3. As discussed above, it is consistent with the U.S. scenario
used in a recent National Academies report (NRC 2013) and with the U.S. aspects of the 2-degree
scenario in the International Energy Agency’s Energy Technology Perspective report (IEA ETP
2012). This STEPS base case scenario is far from a “business as usual” scenario; achieving it
would require strong policies, such as on-going regulations and price incentives for vehicles and
subsidies to encourage the development of refueling infrastructure. Some of these conditions are
in place in some form in the U.S., such as the national incentives for plug-in and fuel cell vehicles.
Some support for the initial construction of a hydrogen infrastructure is beginning in California.
Our scenario implicitly assumes that these support systems would continue and expand as vehicle
sales increase, and like the scenarios from other studies mentioned above, we assume a sales
increase that is rapid but plausible.

We used light duty vehicle cost and performance assumptions based on The National Academies
report (NRC 2013), with the exception of battery costs which are from Nyquist and Nilsson
(2015). Assumed average light duty vehicle costs and fuel economies are shown in Figures 5-7
and other values are shown in Table 1. It is important to note that gasoline ICEV light duty
vehicle efficiency is assumed to increase significantly over time, reaching an on-road fleet average
of 40 miles per gallon by 2035 (based on a mix of cars and light trucks). To accomplish this, the
cost of gasoline ICEVs increases over time.

In Figure 2, the combined stock of electric, plug-in hybrid, and fuel cell vehicles is posited to
reach 14% of the light duty on-road fleet by 2030, or about 42 million vehicles; by 2035 the
combined stock more than doubles to 93 million vehicles or 31% of the light duty fleet, consistent
with a path leading to 50% electric drive by 2050. Annual sales of new vehicles must reach higher
shares sooner in order to achieve these stock levels since the stock takes time to turn over. Our
scenario assumes that 21% of annual new vehicle sales in the U.S. (3.5 million vehicles per year)
are electric drive by 2025, 48% (8 million vehicles per year) by 2030, and 71% (12 million
vehicles per year) by 2035.5 We further assume that PHEVs and pure battery BEVs each reach
sales of 3 million by 2030. FCVs enter the market about 5 years later than PHEVs and BEVs and
by 2030 have annual sales of about 2 million. By 2035, we assume that PHEVs, BEVs and FCVs

5 Percentages of sales are based on the US Department of Energy, Energy Information Agency (EIA) light duty vehicle (LDV)
sales projection of 16.8 million in 2030 (EIA AEO 2015)).
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each have sales of 4 million per year. The remainder of light duty vehicles are assumed to be
gasoline powered ICEVs.6

To achieve this sales level, even with incentives and infrastructure support, these technologies will
eventually have to succeed in becoming competitive in the market, for example reaching a
“breakeven” point on the total cost of ownership, taking into account vehicle purchase cost, fuel
cost, and other operating costs. How might this happen? The range of policies used to incentivize
vehicles will need to help bring down the costs of these vehicles and fuels and ultimately help
overcome cost barriers via increasing scale economies, learning-related cost reductions, and
removal of other barriers such as sparse fuel availability.”

This is one of many possible futures, but provides an ambitious yet plausible roll-out scenario for
battery electric vehicles, plug-in hybrid-electric vehicles and fuel cell electric vehicles in the U.S.
If a transition to EDVs is slower and takes longer than our main scenario, it would spread out the
time when transition costs would need to be raised and invested, but would also likely lower the
annual costs compared to our scenario.

6 Following the National Academies 2013 study, we assume that light duty vehicles encompass both passenger cars and
light duty trucks. The fraction of light truck sales is assumed to decline from 50% in 2010 to 36% in 2035. Light duty vehicle
fuel economies and incremental costs shown in Figures 5-7 are averaged over cars and light trucks.

7 This is discussed in NRC 2013. Current barriers to consumer adoption of ZEVs include:

*  First cost of vehicles

*  Technical barriers (especially battery vehicle range and recharge time)
*  Fuel infrastructure availability (especially for hydrogen fuel cells)

*  Risk aversion to an unfamiliar new technology

*  Availability of different styles and models

Policies to reduce these barriers have been explored in the National Academies 2013 report on light duty vehicle
transitions. Offsetting the early cost penalty of the vehicles and fuels, primarily the incremental costs compared to
conventional gasoline fuelled vehicles, will likely need to play an important role. In fact incentive policies already do play a
role. In the US in 2012, the federal subsidy for BEVs was $7500 per vehicle, and up to $5,000 for plug-in hybrids. Several
states offer additional subsidies. States and cities also provide special benefits for PEVs such as free parking or access to
high-occupancy vehicle lanes. These policies all help to some degree.

Building the market over the next 10-15 years, this will in turn help drive down costs via increased scale economies and
“technology learning”, e.g. via optimization in production systems.

SUSTAINABLE TRANSPORTATION ENERGY PATHWAYS
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Table 1. Summary of Base Case Scenario Assumptions for Light Duty Vehicle Fleet?

2015 2020 2025 2030 2035 Notes
New Vehicle Sales (million/y)
ICEVs | 16.1 15.5 13.3 8.8 4.8
BEVs | 0.06 0.4 1.5 3 4
PHEVs | 0.06 0.4 1.5 3 4
H2 FCVs | 0.0002 0.05 0.5 2 4
Vehicle Retail Price Equivalent ($/vehicle) (for large scale mass production)
ICEV | 29,700 30,200 31,000 32,000 32,400 NRC 2013
BEV 100 mi | 49,000 42,300 39,800 37,500 36,000 NRC 2013

range
51,000 37,100 34,400 33,200 33,100

Nyquist & Nilsson
2015

PHEV | 40,300 38,400 37,400 36,900 36,400

40,700 36,400 35,700 35,700 35,700

NRC 2013

Nyquist & Nilsson
2015

H2 FCV 37,500 36,100 34,600 34,300 NRC 2013
Selected Vehicle Component Costs NRC 2013
Battery pack | 375 300 275 250 225 NRC 2013

($/kWh) | 410

200 150 150 150 Nyquist & Nilsson
2015
Fuel Cell | $45/kW $40/kW $37/kW $33/kW $31/kW NRC 2013
System
($/kW)
H2 Storage $625/kg $565/kg NRC 2013, 5.6
($/kg) kg >300 mi
range
On-road Light Duty Fleet Averaged Fuel Economy (mile per gge) NRC 2013
ICEV | 22 24 30 35 40
BEV | 122 128 132 140 148

% All costs are given in constant $2015 dollars.
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PHEV-30 | 56 58 60 68 76 60% electric
VMT
H2 FCV | 78 83 85 90 95
Infrastructure Capital Cost ($ per vehicle served)
Home | 2500 2300 2100 1950 1600 1 per PEV
Charger
Public | 200 200 200 200 200 1 per 100
Charger PEVs; DC fast
charger costs
$20,000
installed
H2 Station | 10,000 4,000 3,000 3,000 3,000 Appendix B
(truck (truck (truck (truck (onsite
delivery, | delivery, | delivery, |delivery, | SMR
100 kg/d) | 250 kg/d) | 500 kg/d) | 500 kg/d) | 1,000
kg/d)
Fuel Cost $/gge (U.S. Average)
Gasoline | 2.36 2.80 3.02 3.28 3.62 EIA AEO 2015;
ref case
Electricity | 6.1 5.9 5.5 5.3 5.0 10 cent/kWh
Time of Use
Rates + charger
cost amortized
over 15 years
Hydrogen | 31 93 7.8 6.0 5.6 Appendix B

Figure 2: Scenario for sales of new technology light-duty vehicles in the U.S. (1,000s vehicles per year)
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Scenario for Sales of Electric Drive Light Duty Vehicles in
the U.S. (1000s/yr) Base Case

new vehicles sales (1000s/y)
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Figure 3: Resulting stock build-up of new technology light-duty vehicles in the U.S. (thousands)

Scenario for U.S. Light Duty Vehicle Fleet Mix
(1000s vehicles on-road) Base Case

inon-roadfleet {1000s

Vehicles

W ICEVS PHEVs mEVs mFCVs

To gain further insight into how fast new electric vehicle technologies might be adopted in the
light duty sector it is interesting to look at historical data for early commercial sales data for BEVs
and PHEVs (both of which were introduced commercially in the U.S. in late 2010). Sales are
currently about 110,000 per year. There are no actual sales figures yet for FCVs. However, policy
goals can provide aspirational numbers for FCV adoption. A recent evaluation of progress under
the California Zero Emission Vehicle (ZEV) regulation suggests that 43,600 FCVs might be on
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California roads by 2022 (CARB 2016), with a goal of 1.5 million ZEVs (both FCVs and battery
EVs) by 2025. A recently released memorandum of understanding among eight U.S. states
including California sets a goal of 3.3 million ZEVs by 2025.

Figure 4. Comparison of electric drive vehicle annual sales data in the U.S. The adoption rate is similar
in the first few years of introduction for PHEVs and BEVs. FCVs are being introduced internationally by
several automakers in 2014-2017: the first few hundred FCVs arrived in the U.S. in 2015.

Electric Drive Vehicles Annual Sales in the US
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Costs of transition

The transition to EDVs will involve a number of direct and indirect cost impacts. EDVs will be
more expensive than comparable gasoline ICEVs, and energy costs will be mixed, with electricity
tending to be cheaper than gasoline per vehicle mile, and hydrogen more expensive at least in the
early years of the transition. Additional costs will be incurred to provide the local energy
infrastructure for electricity charging and hydrogen fueling. These are the costs we analyze in this
report. We do not address indirect impacts such as differences in vehicle non-fuel operation costs.
Nor do we analyze social costs such as impacts of air pollution on health or damages from climate
change.

Further, we do not account for utility costs to consumers that could influence purchase decisions,
such as the inconvenience of limited fuel availability long recharging time. These are better
addressed in a consumer choice model.
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More specifically, in this report we analyze the incremental first-cost of vehicles and the cost of
developing and installing refueling infrastructure for hydrogen (complete production/distribution
system) and electricity (home and public recharging system). In particular, we investigate how
much investment might be required in infrastructure and vehicle subsidies to reach cost-
competitiveness with incumbent gasoline ICEV technologies.

The technologies in question include a few critical components that will have a major impact on
overall transition costs. These include:

* For battery-electric vehicles, the costs of batteries (affected by the battery capacity per
vehicle which is in turn determined by the desired vehicle driving range). There is also
the purchase cost of electricity compared to the base diesel fuel as well as the cost of
developing a charging infrastructure, and in the longer term, the cost of generating
electricity from low carbon sources (although the cost of transition to low carbon
electricity is not explicitly addressed in this paper).

* For plug-in hybrid vehicles, the battery costs and purchased electricity, as well as the cost
of engine hybridization.

* For fuel cell vehicles, the cost of the fuel cell stack and the balance of system, the cost of
onboard hydrogen storage tanks, the cost of developing hydrogen infrastructure to deliver
hydrogen to vehicles. The choice of hydrogen pathway can impact the fuel cost. We show
an example of a low carbon, renewable intensive hydrogen supply. However we do not
fully address feedstock issues and the long-run transition to very low carbon feedstocks.

All of these components and related technologies add costs compared to gasoline vehicles (though
they also may reduce some costs, such as removal of the internal combustion engine and
transmission for electric vehicles). Some costs per vehicle may be high in the near term given low
production volumes and the newness of the technologies. But many of these costs can be
expected to decline over time, as shown above in Table 1 and discussed in the next section. (Also
see Appendix A for more details.)

The question becomes: just how much total investment (vehicle incremental first cost and
refueling infrastructure installed cost) and related subsidies will be required to offset vehicle/fuel
costs as sales of EDVs rise over time? The answer will depend on several factors; an important one
will be the relative purchase cost of these vehicles compared to gasoline vehicles. Another is how
much and how fast these cost differences will decline over time. This in turn will depend on the
rate at which new technology costs decline due to increasing scale economies and learning effects,
as the sales and market size of these vehicles increases, and key technologies such as batteries and
fuel cell systems become cheaper.

Cost Estimates for Electric-drive Vehicles

Various estimates have appeared for the projected cost of EDVs (Bandivadekar et al. 2008, NRC
2008. NRC 2010, Plotkin and Singh 2010, IPCC 2011, Burke et al. 2011, EPRI 2010, NRC 2013).
Most of these studies projected that future mass-produced electric drive (battery or fuel cell) cars
will be moderately more expensive than an advanced gasoline car. For example, in a 2008
National Academies study of hydrogen transitions, mass-produced, mature technology FCVs were
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estimated to have a retail price equivalent (RPE)® $3,600 to $6,000 higher than a comparable
gasoline ICEV (NRC 2008). Similar numbers were estimated by MIT, UC Davis, the National
Renewable Energy Laboratory, Argonne National Laboratory, and the Electric Power Research
Institute.

In 2013 a National Academies report provided updated estimates for learned out retail price
equivalents for future mass-produced light duty vehicles. This report pushed vehicle drivetrain
and envelope efficiency for all types of vehicles, in part by downsizing and light-weighting the
vehicle. Their reference gasoline car achieves an on-road fuel economy of about 50 mpg by 2030
and 75 mpg by 2050, a more aggressive efficiency rise than past studies. Figure 7 shows the on-
road fleet averaged fuel economy for cars and light trucks. The cost of gasoline vehicles is
projected to increase over time due to efficiency improvement measures, and by 2045, both fuel
cell and battery vehicles are projected to have lower retail prices than these advanced gasoline
vehicles.10

While estimates of the future retail price equivalent (RPE) of mass-produced BEVs and FCVs may
approach those of advanced gasoline vehicles, initial models will not be produced in such high
volumes. As a result, vehicle RPEs will be higher due to higher manufacturing costs (related to
the size and scale of manufacturing facilities, greater manufacturing efficiency, and reduced
supplier costs), and the amortization of fixed engineering, research and development costs, which
are spread over a smaller number of vehicles.

As described in Appendix A, a learning function was used to estimate the changes in the cost of
key components such as fuel cells, batteries, and electronic systems used in these vehicles over
time and as cumulative production increases. Vehicle retail equivalent prices per car are shown in
Figures 5 and 6 below, which informed the rollout scenario in Figure 2 above. Following the
analysis in (NRC 2013), the cost for ICEVs increases over time as efficiency measures are
implemented, while the prices of PHEVs, BEVs, and FCVs decrease with technical progress,
learning by doing and scale economies of mass production (see following section). Cost
reductions are related to improvements in vehicle technologies, such as batteries and fuel cell
systems. For example the cost of mass-produced batteries drops by about half between 2015 and
2025, from about $410/kWh to $200/kWh (with an additional reduction to $150/kWh between
2025 and 2030). This is consistent with the detailed analysis and projections developed in NRC
2013, except for battery costs which are taken form Nyquist and Nilsson (2015).11 (See Appendix
A)

% The RPE difference is typical for years beyond 2025, when the NRC study assumed fuel vehicles were mass produced at
the level of millions per year. The RPE is not the same as actual vehicle prices in the showroom. The difference between
the cost and price reflects the automakers profit or loss on a given product. Automakers frequently pursue a strategy
called “forward-pricing” when introducing new technologies (e.g. gasoline hybrids) in order to build product awareness,
grow the volume of sales and benefit from the learning. This implies a period of losses with the expectation that
eventually the product will become profitable.

° The National Academies did various scenarios. For their “base case”, cost parity among EVs, FCVs and ICEVs cars happens
in about 2045. In the “optimistic” case, parity happens sooner, in about 2030. The National Academies also analyzed light
trucks where parity occurs slightly later than for cars.

" Inour analysis we use the U.S. sales of electric drive vehicles to estimate how learning and manufacturing scale-up

reduce the vehicle cost over time. This is a conservative assumption in the sense that electric drive technologies are being
introduced in many countries around the world, and “learning by doing” might happen faster than suggested by the U.S.
vehicle sales alone.

SUSTAINABLE TRANSPORTATION ENERGY PATHWAYS
An Institute of Transportation Studies Program 15



U.S. Transition Costs for Electric Drive Vehicles Revised December 2016

Incorporating factors for manufacturing scale, R&D progress and learning, we estimated a cost
trajectory for EVs, PHEVs and FCVs given assumed market penetration rates (Figures 2, 5, 6).
Figure 5 shows the projected learned out, mass produced retail price equivalent for three electric
vehicle technologies, BEVs, PHEVs, and hydrogen FCVs between 2010 and 2035, as compared to a
highly efficient gasoline ICEV (NRC 2013). In Figure 6 we estimate the RPE of each type of
vehicle over time, accounting for initial low volumes of EDVs in our scenario (Figure 2). Vehicle
RPEs fall rapidly as more vehicles are produced, with FCV technology adoption following the
plug-in electrics by about 5 years. The vehicle cost assumptions in these figures are drawn from
the 2013 NRC study, except for battery costs which are from Nyquist and Nilsson (2015)
reflecting more recent battery cost estimates.

Figure 5. Estimates for learned out mass produced retail price equivalent (RPE) for Battery EVs (EVs),
plug-in hybrids (PHEVs) and hydrogen fuel cells (FCVs) compared to an efficient gasoline ICEV (NRC

2013). The battery EV is assumed to have a 100 mile range. The PHEV has a battery corresponding to a
30 mile all electric range.
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Figure 6. Vehicle retail price equivalents taking into account production volumes show in Figures 2 and
3. Vehicle component costs are based on NRC 2013 except for battery costs from Nyquist and Nilsson
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(2015). We account for the scale of mass production (scale factor of -0.25) and "learning by doing" (10%
progress ratio) considering the cumulative production (see Appendix A for details)12

Vehicle Retail Price Equivalent
Base Case (S/LDV)

accounts for mass production scale economy (scale factor=-0.25) "learning by
doing" based on cumulative production (10% progress ratio) and R&D progress

80,000

70,000

40,000

30,000

Vehicle Retail Price Equivalent (S$/LDV)

20,000

10,000

0
2015 2020 2025 2030 2035

—FCVs —PHEVs ——EVs ——@Gasoline Ref

The assumed on-road fleet averaged fuel economy of the various types of vehicles is shown in
Figure 7. These are based on fuel economies in the NRC 2013 mid-range case. Because FCVs,
PHEVs and EVs are much more efficient than ICEVs, they result in long term fuel savings.

Figure 7. Adapted from the National Academies’ 2013 “Transition” report “Efficiency” Case,
(Figure 5.16, NRC 2013). These are on-road, light duty fleet averaged numbers.

2 The retail equivalent price estimates in Figure 6 are higher than commercial prices for today’s BEVs and
PHEVs. Thus, this figure reflects that some manufacturers may be subsidizing plug-in vehicles internally to
reach the typical retail prices of commercial models sold in 2015.
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Infrastructure Costs for Electric and Hydrogen Vehicles
Another important factor is the cost of building new infrastructure to enable the use of EDVs.

For plug-in electric vehicles (PEVs, comprised of PHEVs and BEVs) we assume that each vehicle
has a dedicated home charger, (costing $2,500 in 2015 and dropping to $1,600 in 2035) and that a
network of public fast chargers (costing $20,000 each) is built to facilitate travel (with 1 public
charger per 100 PEVs). The total cost for all chargers is estimated to be $1,800-2,700 per PEV,
not counting any costs in the electricity distribution and production system.

Hydrogen fuel-cell vehicles pose a more challenging set of infrastructure questions because the
introduction of vehicles and build-up of infrastructure must be coordinated geographically and
over time. As hydrogen FCVs have begun commercial introduction worldwide, there have been
several detailed analyses of how a hydrogen infrastructure rollout might proceed. In particular,
various studies have examined what would be required for fuel providers to have a viable business
case to develop early hydrogen infrastructure in a given region (Ogden and Nicholas 2011, Eckerle
and Garderet 2012, Brown and Samuelson 2013). The type of hydrogen supply influences the
capital investments needed for infrastructure. It now appears that early hydrogen infrastructure in
the first few “lighthouse cities” will probably adapt commercial hydrogen delivery technologies
used in the industrial gas business, such as truck delivery of compressed hydrogen gas or liquid
hydrogen as well as onsite reformers and electrolyzers (Melaina and Penev 2013, McKinney et al.
2015). The first hydrogen stations will be sited in early adopter “cluster” areas within each
lighthouse city or region, concentrating infrastructure near the earliest FCV adopters to provide
better consumer accessibility at lower cost (Ogden and Nicholas 2011). Figures 8-10 shows a
possible scenario for a regional rollout of FCVs over time.
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Figure 8. Scenario for regional FCV sales and on-road fleet vs. years (year 1 = start of
commercialization). (See Appendix B for more details).
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Figure 9. Scenario for total number of regional hydrogen stations, average size of new stations built and
network capacity factor (= hydrogen dispensed/station network capacity). The station network serves
the FCV rollout in Figure 8. The network capacity factor is low for the first few years, as stations are
built ahead of vehicle deployment. Initially stations are small to provide coverage for early adopters. The
network factor is plotted on the right hand y-axis; other variables on the left hand y-axis.
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Figure 10. Estimate of the investments needed to support hydrogen infrastructure development in an
early lighthouse (right hand y-axis) and the hydrogen cost (left hand y-axis).
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By the time 50,000-100,000 FCVs have been introduced in a particular city or local region!> we
estimate that 100-200 stations would have been built. Cumulative hydrogen infrastructure capital
investments for industrial gas-based supply with truck delivery or onsite production would be
$3,000-4,000 per FCV served and hydrogen costs at the pump would be in the range $6-8/kg,

% |n Southern California, 100,000 FCVs would be about 1% of the regional light duty fleet.
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competitive with gasoline ICEVs on a fuel cost per mile basis (Ogden, Yang, Nicholas and Fulton
2014). Reaching competitiveness might require $150-300 million of capital investment for 100-
200 early stations in each city, before the local fuel network was commercially “launched” in the
sense that the next station built would be an economically attractive investment. (Figures 9, 10). If
the first few lighthouse cities are successful, investors might gain enough confidence to open new
lighthouse cities, building a more extensive hydrogen infrastructure from the beginning,
anticipating a rapidly rising market share of FCVs that would make infrastructure economically
attractive within only a few years. In other words, the private sector might take over development
of U.S. hydrogen infrastructure once it was successful in a few cities.

In Appendix B, we describe the details of a U.S. national scenario for introducing hydrogen in a
series of 60 U.S. lighthouse cities. Summing up the vehicles introduced in each city gives an
overall FCV rollout consistent with Figures 2 and 3. (As sensitivity studies, we also considered
cases with a slower FCV market adoption rate, and one with a low carbon hydrogen supply.) We
find that the national FCV scenario in Figure 2 and 3 requires that FCVs be introduced locally
into perhaps 25 large U.S. cities by 2025 (60 cities by 2030), and that FCVs must rapidly capture
up to 10% of the national new car market (up to 20% regional market share in lighthouse cities)
by 2030, at a rate similar to the fastest growing PEV markets today. To reach a national average
hydrogen cost of $7/kg requires an infrastructure investment of about $6-9 Billion. For details see
Table 2 and Appendix B.

Figure 11. U.S. National Average Hydrogen Cost in $ per kg H2 and cumulative capital
investment in hydrogen stations ($ Billion).
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As a sensitivity case, we also examined the costs of introducing renewable hydrogen supply after
about 2020. The estimated hydrogen cost is $1-1.5/kg higher in this case because of the added
costs of electrolyzers.

Cost of Transportation Fuels
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In Figure 12 we show the assumed cost of gasoline, electricity and hydrogen over time in dollars
per gallon gasoline equivalent. We use the latest U.S. Department of Energy EIA projections for
gasoline (EIA AEO 2015).14 In this paper, we assume that gasoline is taxed, but electricity and
hydrogen are not, which is current policy in the United States. There are arguments for
comparing all fuels on an untaxed basis, so we also analyzed cases with untaxed gasoline, which
are presented as a sensitivity study below.

The levelized cost of chargers is added to an assumed electricity price of 10 cents/lkWh to estimate
a total cost of charging electricity. The electricity price is based on recent time of use rates offered
in California for electricity used to charge electric vehicles (rate schedules from PG&E 2016; SCE
2016). Assuming a cost of $1,800-2,700 per vehicle for chargers, we find that the total electricity
cost is about 16-19 cents/kWh. We estimate a U.S. averaged cost for hydrogen based on the
analysis in Appendix B. All fuel costs are expressed in $ per gallon gasoline equivalent.

Figure 12. Assumed fuel costs in $/gallon gasoline equivalent.
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In Figure 13, we show the fuel cost per mile over time. It is interesting to note that the cent per
mile cost of electricity for plug-in vehicles is always less than that for gasoline, because of the high
efficiency of PEVs. Hydrogen FCVs have a higher fuel cost per mile than gasoline ICEVs in the
early years, when H2 costs are quite high, even given their higher efficiency. But by about 2024,
the cent per mile cost for H2 FCVs is less than for the gasoline reference vehicle.

igure 13. Transportation fuel cost per mile for Gasoline Reference vehicle, PHEVs, EVs and FCVs.

% Our base case uses the EIA’s reference case (shown in Figure 12), which projects a taxed gasoline price rising from $2.4
to $3.0 per gallon between 2015- 2025, gradually trending up to $3.7/gallon in 2035. We also consider sensitivity cases
using the EIA’s High Qil Price scenario, where gasoline prices rise to $4.7 per gallon in 2025 and $5.8 per gallon in 2035 and
the EIA’s Low Oil Price Scenario where gasoline prices fall to $1.97 per gallon in 2025 and rise to $2.24 per gallon in 2035.
The gasoline price includes $0.52/gallon of Federal and state taxes, but electricity and hydrogen are not taxed.
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Investment and Breakeven Cost Analysis

A key question is how long would it take for EDVs to become competitive with a reference
gasoline vehicle. We describe this as the “breakeven year.”

We analyze the lifetime cost of operation for three types of EDVs, PHEVs, BEVs and FCVs as
compared to a gasoline reference vehicle, considering incremental costs (i.e. cost differences)
(between gasoline and EDVs) in dollars per year for both the purchase costs of vehicles and fuel
costs over time. Purchase costs of advanced vehicles are typically higher than gasoline vehicles
while fuel costs (particularly electricity costs of PEVs) are typically lower owing to their higher
efficiency. The “break even” year is reached when the annual incremental cost of new EDVs is
equal to the annual fuel savings from the on-road EDV fleet for that year. In an aggregate sense the
fuel savings of on-road EDVs offset higher first cost of EDVs sold that year. (Our methodology is
described in Appendix A.) (Figure 14 shows an example for H2 FCVs.)15

The cost of vehicles declines as the volume of sales increases (from scale economies, and through
learning from cumulative production) for each type of vehicle (Figure 6), and for the electric drive
scenario as a whole including both plug-in and fuel cell vehicles (Figure 15).16 Similarly we
assume the cost of providing new fuels declines as the infrastructure is extended and scaled up
(Appendix B).

Figure 14. Buydown Costs for hydrogen fuel cell vehicles in the U.S. compared to gasoline reference
vehicle. Initially the incremental costs of the vehicles are higher for FCVs, but over time the fuel savings

'3 While our EDV scenario has major investment costs, it also brings major benefits in fuel cost savings, as well as societal
benefits of GHG reduction, better air quality and reduced oil insecurity. While we do account for fuel savings in this paper,
we do not attempt to account for the value of these other societal benefits, though we note that counting the GHG, air
quality and energy security benefits would increase the estimated benefits substantially and likely help achieve cost parity
(from a societal standpoint), possibly much sooner (NRC 2013; Sun, Ogden and Delucchi 2010). But for this exercise limit
calculations to actual monetary expenditures. We do not employ a consumer choice model to estimate future markets.

'® The incremental vehicle cost (RPE) of the EDV is calculated by comparing it to a reference gasoline vehicle, which also
evolves over time. Referring to Figure 6, we see that the incremental cost difference decreases over time with EDV
learning and production scale-up.
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outweigh the extra vehicle costs. (Costs shown are undiscounted.) In this example, the breakeven year
for a H2 FCV rollout is 2032, about 17 years after market introduction. Similar curves hold for battery
electric and plug-in hybrid electric vehicles.

Buydown Cost for FCVs (Smillions/y)
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In Figure 15, we estimate the annual aggregate benefits of fuel savings versus the extra costs of
vehicles for all three EDV types. Although extra vehicle costs outweigh fuel savings early on, fuel
savings eventually dominate, more than compensating for the extra vehicle cost. Once vehicle
costs start to break even with fuel cost savings, the aggregate savings begin to grow rapidly. By
about 2028, the overall scenario breaks even (annual benefits outweigh costs), and by 2035 the
annual net benefit is about $30 billion per year because fuel savings far outweigh the added
incremental first cost of new EDVs.
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Figure 15. Electric Drive Vehicle Costs and Fuel Savings in “snapshot” years. Incremental vehicle costs
are balanced by fuel savings by about 2028. The number at the top of each bar is the net benefit (defined
as fuel savings — incremental vehicle costs) in $billions per year. The hydrogen infrastructure costs are
based on the cluster strategy estimate (Appendix B).
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TOTAL ADDITIONAL INVESTMENT REQUIRED
How much will it cost to implement our EDV scenario?

In this section, we discuss two kinds of costs, “investments” and “subsidies”. “Investments” refer
to 1) the incremental capital investment by consumers in buying a new EDV instead of gasoline
vehicle and 2) the capital investment in building new stations or chargers. “Subsidies” refer only
to the “investments” required to bring the vehicle and fuel technologies to the point of cost
competitiveness with incumbent gasoline ICEV technology.

Taking incremental vehicle costs and capital costs for fuels infrastructure together, we estimate
this total investment cost to be anywhere from about $300 to $600 billion dollars for vehicle cost
buydown and refueling infrastructure build-up, spent over the next 20 years. Most of the
investment cost is for covering the incremental cost of advanced vehicles.

For hydrogen fuel cells, hydrogen infrastructure subsidy costs summed to 2035 are about 10% of
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the total infrastructure investment ($8 Billion out of a total of $99 Billion) (Table 2). For the U.S.
as a whole, we estimate that about $8 billion investment would be needed in a series of lighthouse
cities to bring the U.S. average cost of hydrogen to $7/kg, a fuel cost roughly competitive with
gasoline on a cent per mile basis. The “breakeven” point for vehicles occurs a few years later.

In Figure 16 and Table 2 we present annual investment costs from 2010 to 2035 for incremental
vehicle costs and for infrastructure building. This grows as the numbers of vehicles and amount of
refueling infrastructure grows, although for vehicles the assumed investment costs per unit
decline over time.

Summing between 2010 and 2035 we find a total capital investment of $143 B for home and
public chargers ($2,000/PEV), $99 B for hydrogen stations ($4,500/FCV), $70 B for incremental
cost of FCVs ($3,000/FCV), $155 B for the incremental cost of PHEVs ($4400/PHEV) and $113 B
for BEVs ($3200/BEV), totaling about $600 B, an average of about $24 B per year for 25 years
(2010-2035). Vehicle incremental costs make up the majority of the cost, especially early on.

While the projected transition costs for vehicle and fuel infrastructure rise over time, there should
also be a transition toward more and more of this investment being fully profitable, with an
eventually declining need for governments/taxpayers to “foot the bill”. As vehicles approach a
breakeven cost point (and concurrently other attributes such as range improve), these vehicles
will become more market competitive without subsidies. Similarly, when investing in refueling
infrastructure returns an immediate profit to the providers, the investments shown in Figure 16
will become “routine”. These investments will become commercial, the way much higher annual
investments for new vehicle production and fuel provision are today.

In Figure 17 we posit how the “investment” projection might translate into a “subsidy projection”.
We assume a policy where vehicle cost subsidies and infrastructure (electric charger and hydrogen
station) subsidies are offered on all incremental costs until the technologies become economically
competitive and we use vehicle/fuel cost to estimate this competitive point. The vehicle cost
subsidy is equal to the incremental retail price equivalent compared to a gasoline reference vehicle
and is offered until the “breakeven “ year for each vehicle technology is reached (about 2026 for
battery EVs, 2032 for PHEVs and 2034 for FCVs). We assume that no public subsidy is needed
directly for home chargers.17 However, we assume that public chargers are subsidized until the
breakeven years are reached for PHEVs and BEVs. Hydrogen station capital costs are subsidized
in each lighthouse city until the cost of H2 reaches $7/kg, a cost at which hydrogen is expected to
be competitive with gasoline on a cent per mile basis (which occurs in the 2025 — 2030 timeframe
depending on the city — see Appendix B). Once breakeven is reached, vehicle and infrastructure
subsidies are then ramped down over a 3-year “sunset” period. Subsidies are completely phased
out by 2036.

Table 2. Investments and Subsidies to Support Electric Drive Vehicles to “Breakeven” year and to 2035
based on the scenario in Figure 2. Our approach for estimating H2 infrastructure design and cost is
detailed in Appendix B. The EDV investment per vehicle is assumed to equal the incremental Retail Price

'7 With home charging, we calculate that the cent per mile cost “fuel” cost for a PEV is always less than for the
reference gasoline car, so no subsidy is needed for in home chargers. For a home charger costing $1600-2500,
serving 1 plug-in vehicle, we estimate a levelized cost about 6-9 cents/kWh which is added to the assumed
residential electricity rate of 10 cents/kWh. At 16-19 cents/kWh, the PEV’s cent mile cost is always less than
the fuel cost per mile for a gasoline reference vehicle.
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Equivalent (RPE) of the EDV compared to a reference gasoline vehicle (see Figure 6).

Investment Total
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To Fuel Cost
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U.S. ave.H2 cost= $7/kg

Electricity generally
competitive on cent
per mile basis

Electricity generally
competitive on cent
per mile basis

CUMULATIVE
COSTS

2010 to Breakeven

INVESTMENTS
Vehicles (Incr)

Infrastructure

SUBSIDIES

Vehicles (Incr)

Breakeven: 2034

19.1 million FCVs

$62 B

$82 B (all H2 sta. cap.)

$60 B

Breakeven: 2032

24 million PHEVs

$117 B

$51 B (home and
public chargers)

$113 B

$5.0 B (public

Breakeven: 2025

6.5 million BEVs

$58 B

$18 B (home and
public chargers)

$61 B

$1.7 B (public

Infrastructure $8'? B (H2 sta. capital chargers only) chargers only)
until H2 cost reaches
$7/kg)
CUMULATIVE 2035: 2035: 2035:
COSTS 23 million FCVs 35 million PHEVs 35 million BEVs

2010 to 2035

INVESTMENTS
Vehicles (Incr.)

Infrastructure

SUBSIDIES

$71B

$99 B (all H2 sta. cap.)

$155 B

$72 B (home and
public chargers)

$113 B

$71 B (home and
public chargers)
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Vehicles (Incr.)

Infrastructure

$63 B

$8.3 B (H2 sta. capital
until H2 cost reaches
$7/kg)

$117 B

$6 B (public
chargers only)

$63 B

$2 B (public
chargers only)
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Figure 16. Annual U.S. investments in electric drive vehicles and infrastructure. The vehicle
cost is equal to the incremental retail price equivalent compared to a gasoline reference vehicle.
The infrastructure cost is equal to the capital cost for PEV chargers and hydrogen refueling
stations.
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Figure 17. Potential annual U.S. subsidies for electric drive vehicles and infrastructure.
Subsidies are the investments required to bring fuels and vehicles to cost competitiveness.
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Comparing Figures 16 and 17 we see that given our assumptions, the required subsidies (to bring
EDVs and their infrastructure to cost competitiveness with incumbent gasoline ICEV technology)
are much less than the investments, especially for fuels. After each electric drive technology

achieves breakeven, subsidies go quickly to zero (Figure 17). Actual needed investments continue
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to grow rapidly after breakeven (Figure 16), but these go to economically competitive vehicles and
infrastructure that no longer need public support.

Two types of “breakeven” account for the differences between subsidies and investments. First is
“fuel cost breakeven” — the point when the EDV fuel (electricity or hydrogen) becomes
competitive with gasoline on a cent per mile basis. For our assumptions, electricity is competitive
with gasoline from the beginning, even when the cost of a home charger is figured in, so we don’t
subsidize home chargers, although public chargers are subsidized until about 2032. Hydrogen
infrastructure is built up in a series of regional lighthouse city rollouts, and the capital cost of
building early stations is subsidized in each city until the local hydrogen becomes cost competitive
with gasoline. This happens by about 2025-2030 in a succession of lighthouse cities. The
infrastructure subsidy is much lower than the investment (by roughly a factor of 10).

Second is “vehicle breakeven” the point at which the incremental costs of new vehicle sales are
offset by fuel savings in that year. Beyond this year the economy gains more from EDV fuel
savings than it loses from purchase of more expensive EDVs. This happens in 2025 for BEVs, and
in 2032 for PHEVs and 2034 for FCVs. Beyond this point, we “sunset” the vehicle first cost
subsidy for each vehicle type over a three year period. By 2035, the vehicle subsidy is significantly
reduced and will be gone after 2036.

In Table 2, we sum the required investments and subsidies from 2010 to the breakeven year for
each technology and from 2010 to 2035.

Summing between 2010 and 2035 we find a cumulative subsidy cost of $8 B for public chargers,
$8 B for hydrogen stations, $63 B for the incremental cost of FCVs, $117 B for the incremental
cost of PHEVs and $58 B for BEVs, totaling about $255 B, an average of about $10 B per year for
25 years (2010-2035). Subsidies to support vehicle incremental costs make up the vast majority of
the cost, with infrastructure accounting for only about 7% of the total.

There is little vehicle subsidy needed past the breakeven year, and little infrastructure subsidy past
2030.

Our projected cumulative subsidies through 2035 are roughly half the projected cumulative
investment requirements, if we assume a rapid drawdown once a breakeven point is reached for
each type of vehicle and infrastructure. This lowers the societal burden of the transition
considerably.

Sensitivity Analysis

Our results are sensitive to the many assumptions that go into the investment calculation. In
Figure 18 we show how the cumulative investment and subsidy estimates to 2035 vary for our
base case and seven sensitivity cases:

1. Our” base case” (Figure 2). Vehicle costs are based on the NRC 2013 study, except
battery costs have been updated to reflect recent cost reductions, using estimates from
Nyquist and Nilsson 2015.

2. A “slow market adoption” case where EDVs are introduced 50% as fast as the base
case,

3. A “high ICEV efficiency” case where internal combustion engines achieve very high
efficiency, making it harder for EDVs to compete on the basis of fuel savings;
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4. An “optimistic EDV cost” case where EDV technology advances faster than in the base
case and costs fall more rapidly (based on optimistic case results from the National
Academies’ 2013 study as shown in Appendix A),

5. A “high oil price” case where we assume oil prices are higher than in our Base Case -
these are based on EIA’s 2015 AEO High Oil Price case instead of their Reference Case.

6. A “low oil price” case where we assume oil prices are lower than in our Base Case -
these are based on EIA’s 2015 AEO Low Oil Price case instead of their Reference Case.

7. A “high battery cost” case, where battery costs are from the NRC 2013.

8. A “low carbon” electricity and hydrogen supply case, where renewable technologies
are introduced after about 2020.

For each of these eight cases, the investments and subsidies from 2010 to 2035 are shown.

The range of transition investments over the 25 years is around $300-600 billion with most of the
cost due to the extra cost of vehicle purchase. The “slow market adoption” case breaks even at
roughly half the cost of the base case, largely because only about half as many vehicles and
stations are introduced by 2035 while vehicle and fuel costs still decline enough to achieve the
same breakeven points. The High ICEV efficiency case doesn’t reach breakeven by 2035, except
for battery electric vehicles, because fuel savings from EDVs are lower, when the ICEV vehicle is
very fuel efficient (in fact the fuel savings don’t outweigh the added vehicle costs to 2035). Our
case with “optimistic” vehicle cost numbers vehicle technology evolves more rapidly, costs of
components such as batteries and fuel cells drop more rapidly, and required investments are lower
to the breakeven point (2023) and to 2035. For our “High battery cost” case breakeven occurs
several years later. The “high oil price” case breaks around 2024, and required investments are
lower. If the EIA’s low oil price estimates are used in this analysis, none of the vehicles breakeven
by 2035, except for the BEV which breaks even in 2031. In this paper, we compared taxed
gasoline versus untaxed alternative fuels, which is current US policy. However, if we compared to
untaxed gasoline instead, breakeven was delayed by 1-4 years and subsidy costs increased by $10-
50 Billion (see Figure 18b). Finally, introducing low carbon electricity and hydrogen after 2020,
adds to fuel costs per mile, and delays breakeven by a few years. The overall carbon emissions are
reduced however, beyond 2025 compared to the base case.

For each case, we also show an estimate of the public subsidy needed to bring fuel supplies and
vehicles to cost competitiveness. The range of transition subsidies over the next 20 years is
around $175-350 billion with over 90% of the cost due to the extra cost of vehicle purchase. As
discussed above, the required subsidies are typically much lower than the investment costs (25-
50% lower), because fuel suppliers and consumers realize economic gains and we assume that
subsidy policies are ramped down past the breakeven year. These results are particularly striking
for infrastructure investments vs. subsidies. The cumulative infrastructure subsidy needed is
typically less than 10% of the total infrastructure investment. This reflects that infrastructure
investments will lead to cost competitive fuel supply sooner than vehicle investments.

Figure 18a. Cumulative Investments (right hand bar) and Subsidies (left hand bar) for Eight Electric
Drive Vehicle Rollout Scenarios from 2010 to 2035. We assume gasoline is taxed, and electricity and
hydrogen are untaxed. Cases with high ICEV efficiency or Low Oil Prices don’t breakeven until after
2035. The other cases breakeven between 2024 and 2032.
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Cumulative Investments and Subsidies
for EDV Scenarios with updated Battery Costs
2010 to 2035 (Smillion)
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Figure 18b. Cumulative Investments (right hand bar) and Subsidies (left hand bar) for Eight Electric
Drive Vehicle Rollout Scenarios from 2010 to 2035. We assume gasoline, electricity and hydrogen are
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untaxed. Cases with high ICEV efficiency or Low Oil Prices don’t breakeven until after 2035. The other
cases breakeven between 2027 and 2034.

Cumulative Investments and Subsidies
for EDV Scenarios w/ updated Batt. Cost, No Fuel Taxes
2010 to 2035 (Smillion)
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Implications for Greenhouse Gas Emissions

We evaluated the potential greenhouse gas reduction for our different scenarios, and the cost of
avoiding CO2. Our EDV cases were compared to a reference case where light duty gasoline vehicle
efficiency increased over time, but no electric drive vehicles were introduced.

While the overall GHG reduction to 2035 is substantial, much of this is occurs due to efficiency in
a “baseline” world, without the electric drive world. Not surprisingly, the additional CO2
reduction in our “Base Case” with the electric drive vehicles is modest, because the number of
EDVs on-road in 2035 is still less than 1/3 of the total fleet, and it takes time to bring down the
carbon intensity of electricity and hydrogen. Figure 19 shows the CO2 emissions over time from
a fleet of increasingly efficient gasoline vehicles, plus electric vehicles and hydrogen vehicles. (The
rapid drop in gasoline use after 2020 is because an assumed rapid efficiency increase in gasoline
ICEVs at that time.) Also shown are the emissions that would have resulted if no EDVs had been
introduced. GHG emissions fall by about 40% between 2015 and 2035, with about 2/3 of the
decrease due to increased gasoline vehicle efficiency and only 1/3 due to EDVs. Our base case
incorporates some decarbonization of electricity and hydrogen, and the higher efficiency of EDVs
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as well as the lower carbon intensity of electricity and hydrogen fuels contribute to their portion of
GHG reductions.

Figure 19. Estimated greenhouse gas emissions for our base case. Most of the emissions come

from gasoline usage with less than 10% of the total due to electric and hydrogen vehicles in
2035.
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How much does it cost to reduce CO2 by introducing electric drive vehicles? This is a somewhat
complicated question in the context of the current analysis, since we track vehicle sales to 2035
but these vehicles may operate to 2050 and beyond. We took the following approach: As shown
in Figure 20, we estimate the avoided cost for 3 cases as the cumulative net direct economic
benefit to society from implementing EDV vehicles and fuels (Figure 17) divided by the
cumulative amount of CO2 avoided over this period. The annual net benefit is defined as the
incremental cost of EDV vehicles in a given year minus the fuel cost savings from the fleet of EDVs
in that year. (Net benefits and CO2 emissions are summed from 2010 to each year up to 2035.
This is the same as the ‘CUM TOTAL” line plotted in Figure 14.)

Initially, the avoided cost of CO2 is very high ($60,000/tCO2), as there is little CO2 saved, and
high costs for early vehicles and fuels. This is illustrated in Figure 20, which shows the high
initial values for (vehicle costs minus fuel savings). However, as the cost of EDV vehicles and
fuels decrease over time, the value of the avoided CO2 cost falls rapidly, reaching about
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$100/tCO2 by 2025-2035 depending on the case (Figure 21). These declining costs over occur at
the same time that CO2 savings rises, so the weighted average cost of CO2 reduction is far below
the nominal average over the 20 year period. For many of our sensitivity cases (including the base
case) $/tCO2 goes negative before 2035, indicating that there is a positive average net benefit
(negative cost) in saving CO?2 after that time. The cost of CO2 falls faster in cases where the
vehicle pathway “breaks even” early (for example, the high oil price case), and higher costs are
seen for longer times to breakeven (such as the low oil price case).

Figure 20. Cumulative net benefit (incremental EDV cost — fuel savings) and cumulative CO2
saved over time. Dividing the cumulative net benefit by the cumulative CO2 saved, gives a
running time average avoided cost for CO2 $/tCO2 (Figure 21).
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Base Case:
Cum. (Increm EDV Cost-Fuel Savings) (million $)
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Figure 21. The average cost of CO2 emissions is estimated our base case and high and low oil
price cases. The cost of CO2 drops over time, and becomes negative after about 2030-2035
depending on the case.
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Cost for transport in the broader context

In order to better understand the burden placed on society by a possible investment cost of $300-
600 billion (subsidy cost $150-350 billion) over 20 years for EDVs and fuels, it is useful to
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compare this to the total cost of all new light duty vehicles, and the cost of fuel for the entire stock
of LDVs in the U.S. over the same period.

The Energy Information Administration in its Annual Energy Outlook (EIA 2015) publishes
projections of the needed data — the numbers of new LDVs, the fuel used by all LDVs, and the
average prices of these during 2015-2035. The resulting total cost of vehicles and fuels over this
time frame is shown in Figure 16. The average annual expenditure for vehicles and fuels was
about $800 billion in 2011, and is expected to rise slowly to about $1 trillion in 2030. The total
cost over the whole time frame is about $19 trillion (an average of about $960 billion per year over
20 years).

Figure 22: EIA Projections of new vehicle and fuel costs in the U.S., 2015-2035. Source: EIA AEO 2015,
except LDV prices from PH&EV Center for 2014, projected to increase 1%/yr real
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Thus the investment costs of $300-600 billion for EDVs and their fuels to 2035 are about 1.5 to
3% of this $19 trillion total, with the estimated subsidy costs about 1-2%. On an annual basis, the
Base Case investment costs range from about $5 billion to $55 billion per year with subsidies
ranging from $5 billion to $20 billion per year, in a vehicles/fuels market with nearly $1 trillion
spent annually.

Discussion — policy considerations

The relative size of the funds spent annually on vehicles and fuels compared to the projected costs
of a transition to new vehicle technologies and new fuels presented above raises the question: if we
could spread the costs of a transition across the broader economy, what policies might we use to
do this? Different approaches are possible, including various regulatory and market instruments,
which would have very different distributional effects and varying levels of economic efficiency. In
general, the greater use of market instruments, the more economically efficient the policy. But
advanced vehicle and fuel sales are riven with many market failures and market conditions that
inhibit the effect of market-based policies. Here we briefly examine two possible policies that
could be directed toward paying the subsidy costs of our transition scenarios.
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1. Vehicle Purchase Feebates

Feebates (fees and rebates on the purchase of new vehicles, based on attributes of the specific
models) are typically externally imposed by a government, and explicitly set fees and rebates on
the price of new vehicles based on one or more criteria. For example it would be possible to
structure a feebate system whereby all EDVs receive a particular rebate and all conventional
vehicles have a fee set so that total revenues match the total expenditures made on EDV rebates
(and if it did not align, it would be up to the government to make up the difference). However
most existing feebate systems (e.g. in European countries such as France) use a specific criteria
such as CO2 emissions per kilometer, and number of different vehicle categories with different fee
or rebate levels.

It would be possible to construct a feebate where the emissions of EDVs are either treated as zero
or could be based on their well-to-wheel emissions (though this is complex since these vary with
use location and time), and then be added into categories along with conventional vehicles. In
France, EDVs receive a rebate of EUR 5,000, which is at the high end of rebates, although other
efficient vehicles such as hybrids also receive a rebate (D'Haultfceuille et al, 2014). In any case if
the desire was to raise, for example, $10 billion per year to provide rebates for EDVs and a similar
amount for other fuel efficient vehicles, and these were a combined 1/3 of vehicles sold, then this
$20 billion would need to come from the sales of the other 2/3rds of LDVs sold. It should also be
noted that there are a number of different ways a feebate could be structured across vehicle
classes, such as an “in-class” feebate that differentiates the more efficient (and/or electric drive)
vehicles within each size or market class from other choices within that class. That would help
ensure there are some cost-effective choices for all consumers regardless of the type of vehicle they
purchase.

A more specific example based on our foregoing analysis in this paper is presented in Table 2.
Here we show the sales of EDVs in our Base Case scenario, and the “rebate” per vehicle for
selected years, if ALL the incremental vehicle purchase costs were paid through the fees on non-
EDV purchases. Thus (roughly speaking) these fees and rebates would be needed until the
average first cost of EDVs are equal or less than the average for conventional vehicles. (We
acknowledge that this ignores the importance of other attributes that affect the purchase choice,
and that the use of feebates has many market response aspects that we are glossing over here).
Here we calculate the combination of average rebate for EDVs and average fee for non-EDVs that
result in eliminating our base case EDV incremental cost in each year to 2035, using total light-
duty vehicle projected sales by the EIA (AEO 2015).

As shown, given our estimates of EDV costs in 2015, the required rebate to cover this cost per
EDV unit is very high, but the sales are low enough that the overall costs would be around $5
Billion and the fee per non-EDV would be about $300 per car (note that this could be structured
so that more efficient vehicles have a fee well below $300 and “guzzlers” have a fee considerably
higher). By 2030, the average incremental cost of EDVs, and thus the fee + rebate per vehicle,
drops to about $2500, but EDV sales have increased dramatically and non-EDV sales have
dropped in turn, resulting in a needed EDV rebate of over $1300 and non-EDV fee of close to
$1200, or about 4% of the average non-EDV purchase price. By 2035 the non-EDV fee required
tops out at just under $1500 per vehicle.

Table 3. Feebate schedule to cover incremental costs of vehicles (“vehicle investments”) in the
Base Case.
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Table 3 and Figure 22 show the results for the investment-based scenario. In the Subsidy case the
numbers would be the same through about 2025. However given the break-even points reached,
by 2030 the fee per non-EDV drops to $975 (instead of the $1184 shown in the table for 2030). By
2035, the fee per non-EDV drops from $1373 to about $136, and could be phased completely out
by 2036.

Figured on an investment basis, the annual fee per non-EDV averages about $746 per year
between 2015 and 2035. On a subsidy basis, the annual fee per non-EDV averages about $611.

Figure 22. Feebate system to support adoption of electric drive vehicles.
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This scenario reflects an important challenge: bringing down the per-vehicle costs of EDVs fast
enough that their rising sales do not “bankrupt” the program or require fees per non-EDV that are
more than societally or politically acceptable. This is where our subsidy cost differences from the
investment costs become very important: when only using feebates to pay the subsidy cost (figure
17 above), the feebate can be totally eliminated by 2036 and the fees on non-EDVs are lower in
2035 (about $136 per non-EDV instead of $1373 in the investment-based calculation). This
seems the more reasonable scenario for a feebate, which is intended to encourage consumers to
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purchase EDVs by eliminating overall cost barriers and make vehicles more attractive, not
necessarily cover all incremental purchase costs for ever.

2. FUEL/CARBON TAXES

On the fuel side, one way to subsidize the introduction of new refueling infrastructure would be
the application of a new tax on fuels, such as a carbon tax. The only difference between a fuel ad
valorem tax and a carbon tax is that the carbon tax would have a different rate across fuels,
depending on their CO2 emissions. But since over 95% of U.S. LDV fuel is gasoline, this wouldn’t
matter much, at least in the near term. As mentioned, the increasing fuel cost reductions in our
Base Case after 2025 suggest that a) a tax could be applied that does not raise the average cost of
fuel, but reduces the amount that it would otherwise drop, and b) that some kind of revenue
generating system is likely to be needed anyway since the lower costs of fuels (and different types
of fuels) are likely to lead to significantly lower fuel tax revenues for governments without a
change in the tax system.

Based on our calculations for the number of vehicles, their efficiency and distance travelled, we
have estimates for current and future fuel use shown in Table 4 and Figure 21. Given fuel
economy standards and other factors, the EIA (and we) project this to decline in the future. With
our Base Case fuel infrastructure cost in 2035 of around $32 billion per year, we estimate that a
$0.36/gallon gasoline-equivalent tax on all motor fuel (and electricity and hydrogen) would be
needed to pay for this. Taxes in early years would be much lower, so could be ramped up over
time as refueling infrastructure costs rise. This is a conservative estimate as it pays the entire
infrastructure cost, and neglects the profitability of this refueling infrastructure that will likely be
achieved in many regions, that would allow the tax to drop relative to this maximum $0.36
number (or be used for other purposes).

If we only needed to subsidize fuel infrastructure until it became profitable (our subsidy case), this
would dramatically cut the fuel tax needed. On this basis, home chargers would not need
subsidies at all, and subsidies for public chargers could be phased out when PEVs reached
breakeven around 2030. If we further assumed that the oil industry (or some other fuel supplier)
took over building H2 stations once they became profitable (which happens by 2030) the annual
infrastructure subsidy required in 2030 would be about $1B/y (mostly for PEV public chargers)
and would be completely phased out by 2035. In this scenario, if we used LDV fuel of 100 billion
gge in 2030 and taxed this essentially to pay for chargers that would cost about $0.01/gge. The tax
on H2 would be $0.01/kg (out of maybe $7/kg). The added tax for electricity used to charge PEVs
would be about 0.3 cents/kWh (out of 10 cents/kWh), and the tax on gasoline would be
$0.01/gallon. By 2035 all these taxes could be phased out.

Table 4. Fuel Tax Scenarios to Cover the Cost of Refueling Infrastructure
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COMBINATION OF FEEBATES AND GASOLINE TAX.

A combination approach could use fees on conventional (non-EDV) cars to subsidize new EDV
purchases, and a gasoline tax to support EDV fuel infrastructure development. In our subsidy
scenario that ramps down once breakeven points are hit, both policies would be ramped down

during a 3-year “sunset period” and completely phased out by 2035.

A feebate system based on imposing annual non-EDV vehicle registration fees to support new EDV

purchases would require less than $100 per year for non-EDV drivers. If a gasoline tax were

imposed to support EDV infrastructure development (PEV chargers and H2 stations), this would
be less than $0.30 cents per gallon even under conservative assumptions about infrastructure
profitability. Basing the gasoline tax solely on the infrastructure investments needed to make EDV
fuel prices competitive, reduces the amount of tax required to less than 2 cents/gge especially after

2025.

SUSTAINABLE TRANSPORTATION ENERGY PATHWAYS

An Institute of Transportation Studies Program

41




U.S. Transition Costs for Electric Drive Vehicles Revised December 2016

Figure 23. Gasoline Taxes required to cover fuel infrastructure investments and subsidies from
Table 3.
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As a final note, if those sums were collected just from a fuel tax (i.e. to cover all vehicle and fuel
expenditures), it would add close to $1.00 per gallon (taking into account market responses to
such a high tax) by 2035 in the Base Case, and around $0.60 per gallon in the subsidy case, far
higher than if just the fuel infrastructure cost were covered.

3. SUBSIDIES FROM GENERAL TAX REVENUES

Yet another way to generate the funding to pay for an EDV/fuel infrastructure rollout would be
putting this in the general (e.g. national) budget. While likely to be politically challenging, paying
all transition costs in the Base Case (Figure 15) would represent around $55 billion annually by
2035, or 1% of the 2013 U.S. budget (and thus probably well below 1% of the 2035 budget). In
the subsidy scenario it would peak at about $40 billion in 2032, so likely less than 0.6% of the
budget in that year.

Overall, the policy examples used here to raise the needed revenues to pay for investment or
subsidy costs show that this could be achieved at, for the most part, modest fee or tax levels;
however, one source of concern is how the fee levels need to rise over time, and can reach fairly
high levels in the late 2020s/early 2030s. This may need to be addressed through some sort of
“smoothing” of fees, to spread them over time in a way that reduces the peak levels.
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Conclusions

This paper has created a “STEPS Transition Model” Base Case and several alternative scenarios for
achieving a transition to large volume production of EDVs by 2035 in the U.S. Estimations were
made of the transition investment costs of these scenarios, taking into account the vehicle cost
increment and fuel infrastructure capital costs and the associated subsidy costs of achieving these
scenarios. We also estimated “breakeven” points where EDVs and fuels become competitive with
incumbent technologies.

This is a partial analysis; it does not include the transition to very low carbon heavy-duty vehicles,
nor does it include other potential low-carbon fuels besides electricity and hydrogen, such as
biofuels. We also do not address a transition to low carbon primary sources for electricity and
hydrogen. None-the-less, the analysis provides a sense of the potential transitional costs that
society (and/or stakeholders within society) would need to pay in order to achieve a competitive
industry for EDVs, and contrasts these costs with expenditures that are routinely made by
Americans every year for new cars and fuel these cars run on petroleum primarily.

Our main findings are:

(@) EDVs “break even” economically with incumbent gasoline vehicles in the 2023-2032 time
frame for a range of scenarios with varying assumptions about technology, vehicle
adoption rate and fuel costs.

(b) Breakeven occurs when the annual incremental cost of new EDVs is balanced by fuel
savings, which become large after about 2025.

(c) Cumulative Transition investment costs for light-duty EDVs and fuels (summed between
2010 and 2035) are estimated to be in the range of $300 to $600 Billion.

(d) Cumulative Transition subsidy costs (e.g. investments needed to breakeven) for light-duty
EDVs and fuels are estimated to be in the range of $175-350 Billion.

(e) The majority of transition costs are for vehicle incremental costs. Required subsidies are
10-20% lower than investments for vehicles, and required subsidies are 80-90% lower than
investments for fuel infrastructure. Thus the differences are large and are worthy of
additional investigation.

(f) In any case, net transition costs over the next 20 year period of several hundred billion
dollars would be quite small in comparison to the $19 trillion expected to be paid overall
for new light-duty vehicles and for fuels for all LDVs in this time frame. Investment costs
for EDVs and their fuels to 2035 are about 1.5 to 3% of this $19 trillion total, with the
estimated subsidy costs about 1-2%. On an annual basis, the Base Case investment costs
range from about $5 billion to $55 billion with subsidies ranging from $5 billion to $20
billion, in a vehicles/fuels market with nearly $1 trillion spent annually.

We find that a range of policies is available that could serve to leverage the needed funding,
including fuel and vehicle taxes along with rebates for EDVs. These would be quite small through
2025. The required investments become large after 2030, if we assume that all incremental costs
of the transition are paid by these mechanisms rather than by consumers or fuel providers. This
would assume public support while consumers reap increasingly large fuel cost savings and fuel
suppliers make increasing profit. If we phase out subsidies once fuel supply and vehicle
ownership become economically competitive, the transition costs are reduced by roughly 40%.
The required public support of infrastructure is cut by roughly a factor of 5-10.
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As an example, we analyzed a combination policy approach that imposes fees on conventional
(non-EDV) cars to subsidize new EDV purchases, and a gasoline tax to support EDV fuel
infrastructure development. We find that imposing a fee on sales of non-EDV vehicles to support
new EDV purchases would require less than $1,500 per non-EDV at the peak (and under $1000
peak in the subsidy-only case). If a gasoline tax were imposed to pay for EDV infrastructure
investments (PEV chargers and H2 stations), this would be less than 40 cents per gallon even
under conservative assumptions about infrastructure profitability. Basing the gasoline tax solely
on the infrastructure subsidies needed to make EDV fuel prices competitive reduces the amount of
tax required to less than 2 cents/gge especially after 2025. Given the “spikey” nature of the fees on
vehicles and fuels in these scenarios, a policy approach that smooths the rates out over the 20 year
period may be helpful.

Logical extensions of this analysis would include adding heavy-duty vehicles and fuels, using a
more detailed analysis of consumer choice and the level of subsidies that consumers would require
to buy vehicles in the quantities assumed in this analysis, and using a more explicit consideration
for scale and learning effects that occur outside the U.S. that could speed the reduction in costs,
and thus lower overall transition costs.
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APPENDIX A: Transition Costs for Electric-drive Vehicles

Electric-drive vehicles (EDVs) face various barriers to their adoption, including higher vehicle first
cost and higher fuel costs, as well as other factors related to vehicle performance (range, size,
refuel time) and infrastructure (fuel availability). The economic costs of overcoming these
barriers (e.g. bringing the vehicle to parity with a “reference vehicle”) are often termed “transition
costs”. In this appendix, we briefly review several methods that have been used to estimate
transition costs for widespread adoption of alternative fuels and vehicles.

The transition cost is often defined as the incremental cost over time (compared with a specified
“business as usual” case) to bring the EDV to cost competitiveness. The EDV is compared to a
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“reference vehicle”, typically a gasoline fueled ICEV, using petroleum-derived fuels. Both the cost
and performance of the EDV and the Reference vehicle are described over time

For reference gasoline internal combustion engine vehicles (ICEVs), the vehicle cost and
performance are typically based on projections for technical improvements over time and
sometimes on policy requirements (for example CAFE standards). (Note that gasoline ICEVs are
still improving, so the “reference vehicle” can become more efficient over time.)

A number of authors have estimated the “learned-out” costs for EDVs once the technologies are
mature and they are mass-produced!®. Vehicle costs are typically reported as retail price
equivalents (RPE) which is not the same as actual vehicle prices in the showroom. The difference
between the cost and price reflects the automakers profit or loss on a given product. Automakers
frequently pursue a strategy called “forward-pricing” when introducing new technologies (e.g.
gasoline hybrids) in order to build product awareness, grow the volume of sales and benefit from
the learning. This implies a period of losses with the expectation that eventually the product will
become profitable. The RPE is estimated by multiplying the manufacturing cost by a factor
(typically 1.4-2.0). The National Academies 2013 study used a factor of 1.4

Estimating EDV costs during an early market is more difficult, as technologies are less mature and
vehicles are produced in relatively small quantities. For new EDV entrants to the market (e.g.
battery EVs or fuel cell vehicles), drawing on a 2013 study by the National Academies, the “key
mechanisms affecting the costs of new vehicle technologies during the early stages of a transition
are (1) learning by doing, (2) scale economies and (3) technical progress.”

“Learning by doing is represented by declining costs as a function of cumulative production, Q,
relative to an initial reference level, Qo. Learning by doing describes the reduction in cost with
increasing cumulative production.

LR=1-PR

Where LR is the learning rate and PR is the progress ratio. The learning rate is the % reduction in
cost for a doubling of cumulative production while the progress ratio is the % of cost remaining
for a doubling of cumulative production.

Let P(Qo) represent the Incremental Retail Price Equivalent (RPE) of the EDV at cumulative
production Qo, then the RPE at cumulative production level Q > Qo is given by

P(Q) = P(Qo) x (Q/Qo)?

For a progress ratio PR of 90% the cost falls by 10% (aka the learning rate) for each doubling of
cumulative production. The exponent a = In(PR)/In(2) = -0.152 for a PR of 90%.

'8 Various estimates have appeared for the projected cost of hydrogen fuel cell vehicles compared to other
electric-drive vehicles (Bandivadekar et al. 2008, NRC 2008. NRC 2010, Plotkin and Singh 2010, IPCC 2011,
Burke et al. 2011, EPRI 2010, NRC 2013). Most of these studies projected that future mass-produced fuel cell
cars will be moderately more expensive than an advanced gasoline car. For example, in a 2008 National
Academies study of hydrogen transitions mass-produced, mature technology FCVs were estimated to have a
retail price equivalent (RPE) between $3,600 to $6,000 higher than a comparable gasoline ICEV (NRC 2008).
Similar numbers were estimated by MIT, UC Davis, the National Renewable Energy Laboratory, Argonne
National Laboratory, and the Electric Power Research Institute.
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As the cumulative production Q grows very large relative to Qo, the price P would eventually
approach zero. To avoid this problem, we impose a minimum cost floor so that P(Q) is never less
than an exogenously set learned-out RPE.

“Scale economies are represented by a scale elasticity, ¢, which is the exponent of the ratio of
production volume in a given period, g, to the ideal production volume, g*, at which full-scale
economies are realized. The RPE at a given scale of production, P(q), is equal to the ideal RPE,
P(g*), times the ratio g/q* raised to the exponent c. Values of the scale elasticity, c, are often in
the vicinity of -0.25, implying that a doubling of manufacturing scale reduces costs by about 15
percent. Once g >= g¥, gis set = g* so that the scale elasticity factor will never be smaller than 1.0.

P(q) = P(g) x Max [(g/q)¢, 1]

“Technological progress is determined by user-specified prices, energy efficiencies, and other
attributes, which are key exogenous inputs to the model. The technologically achievable price at
time ¢, P;, is defined as the RPE that could be achieved at full-scale and fully learned production.
The user must specify the technologically achievable prices, energy efficiencies, and other vehicle
attributes as a function of time.” See Table A.1.

Using the above framework, the RPE of an advanced technology vehicle at any given time is the
product of the technologically achievable price, P, multiplied by factors that represent
technological progress, learning by doing, and scale economy functions.

Not all the components of an EDV will have a comparable state of development. We assume that
the vehicle “glider” is “learned out”, but the manufacturing cost of other components like
batteries, fuel cells and hydrogen storage are less mature and will scale with cumulative
production and production plant size.

We estimate the glider RPE as the RPE of the 2010 gasoline ref vehicle minus the estimated RPE of
its gasoline drive train and fuel storage components. The manufacturing costs of the ref 2010
gasoline vehicle engine, transmission and fuel tank are assumed to total $4000. Taking out the
engine, transmission and fuel tank subtracts 1.4 x $4000 from the RPE of the 2010 reference
gasoline vehicle.

Glider RPE = P20 rer vin — 1.4 x (drive train + fuel tank manuf. Cost) rer ven

Glider RPE = onw REF VEH — 1.4 X $4000

We also assume that the manufacturing costs never go below the learned out value. The RPE of
the EDV Pepv (Q,q,t) is found from the following function

Prov (Q,q,t) = Glider RPE + (P, epv — Glider RPE) x Max [(Q/Q0)? , 1] x Max [(g/q-)c , 1]

Peov (Q,q,0)

= P 2010 rer ven — 1.4 x $4000 + (P epy — Paotorer ven + 1.4 x $4000 ) x Max [(Q/Qo)? , 1] x Max
[(q/q»)e , 1]

Where:

* The subscript EDV refers to an electric drive vehicle

* The subscript REF VEH refers to a reference vehicle (in this case a 2010 gasoline ICEV)

* P (Q,q,t) is the RPE of the vehicle at some time t, cumulative production Q and mass
production level q
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* Ptis the learned out incremental RPE of the vehicle at time t

*  (Ptepv - Paiorerven) = incremental RPE of the EDV compared to the 2010 Ref vehicle
(multiply NRC 2013 report tables A.1 by 1.4 to obtain this value).

* Qis cumulative production of the EDV at time t
* Qo is cumulative production of the EDV at some ref level O (chosen to be 500,000 units)

* a=scaling factor (For example, for a progress ratio PR of 90% the cost falls by 10% (the
learning rate) for each doubling of cumulative production. The exponent a = In(PR)/In(2) = -
0.152 for a PR of 90%.)

* (= production plant scale at time t
* o= production plant scale at some ref level 0 (chosen to be 500,000 units per year)
* ¢ =scale economy of mass production at the factory , typically -0.25

In 2013 a National Academies report provided updated estimates for learned out retail price
equivalents for future mass-produced light duty vehicles (Figure 4). This report pushed vehicle
drivetrain and envelope efficiency for all types of vehicles, in part by downsizing and light-
weighting the vehicle. Their reference gasoline car achieves a fuel economy of about 50 mpg by
2030 and 75 mpg by 2050, a more aggressive efficiency rise than past studies. The cost of gasoline
vehicles is projected to increase over time due to these efficiency improvement measures, and by
2045, both fuel cell and battery vehicles are projected to have lower retail prices than these
advanced gasoline vehicles.

Table A.1 (NRC 2013) shows the projected learned out incremental manufacturing cost for light
duty cars, light trucks, and a composite fleet average vehicle.

To get the incremental RPE, each entry in Table A.1 is multiplied by a factor of 1.4. The RPE of
the vehicle is found by adding the RPE for the 2010 reference gasoline vehicle to the incremental
cost in Table A.1. The RPE for the 2010 reference gasoline vehicle is $26,341 for cars and $32,413
for light trucks. For example,

P = total vehicle RPE in year t = $26,341 + 1.4 x incremental cost from Table A.1 for cars.

“Mid-range” and “Optimistic” Cost estimates are shown. We use the mid-range values in our
analysis.

Table A.1. Incremental manufacturing cost for different types of cars and light trucks as a
function of year.

Light-Duty Car - Total Incremental Cost vs 2010 baseline vehicle |
These are learned out costs assuming large scale mass production
CNG CNG
Mid-Range ICE HEV ICE HEV PHEV BEV FCV

2010 $0  $4,020 $1,552 $5323 $7,815 15,979  $8,554
2015 $435 $3,510 $1,921 $4,723  $7,233 13,014  $6,955
2020 $986 $2,989 $2,290 $4,122 $4,928 4,975  $5,355
2025 $1,652  $3,017 $2,842 $4,139 $4,635 3,009  $4,551
2030 $2,433  $3,280 $3,395 $4,156 $4,804 2,816  $3,747
2035 $2,675 $3,357 $3,5890 $4,273 $4,734 2,724 $3,547
2040 $2,960 $3,638 $3,783 $4,389 $4,952 2,765  $3,347
2045 $3,288 $3,949 $4,072 $4,689 $5,216 2,852  $3.314
2050 $3,659 $4,347 $4,361 $4,988 $5,479 2,985  $3,281
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Optimistic
2010 $0 $4,020 $1,552 $5,323 $7,815 15,979 $8,554
2015 $376 $3,006 $1,846 $4,457 $5,675 8,722 $6,288
2020 $867 $2.485 $2,140 $3,590 $4,497 4,344 $4,022
2025 $1,473 $2,590 $2,604 $3,577 $4,153 2,335 $3,078
2030 $2,195 $2,765 $3,067 $3,564 $4,087 1,839 $2,133
2035 $2,432  $2,973 $3249 $3,747 $4,233 1,803 $1,983
2040 $2,713  $3,267 $3,430 $3,930 $4,383 1,818 $1,832
2045 $3,036 $3,577 $3,722 $4,228 $4,603 1,911 $1,897
2050 $3,403 $3960 $4,013 $4,527 $4,884 2,050 $1,961
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Light-Duty Truck - Total Incremental Cost vs 2010 baseline vehicle |
These are learned out costs assuming large scale mass production
CNG CNG
Mid-Range ICE HEV ICE HEV PHEV BEV FCV
2010 $0 $4,935 $1,160 $5,957 $10,512 $22945 $11,869
2015 $460 $4,228 $9,664 $18,934  $9,755
2020 $1,059 $3,516 $2,086 $4,445 $6,285 $7,370  $7,641
2025 $1,798  $3,446 $5,726 $4,650  $6,562
2030 $2,676  $3,711 $3.493 $4472 $5,868 $4,314 $5,483
2035 $2,978 $3,834 $5,777 $4,132  $5,165
2040 $3,332  $4,171 $4,047 $4,840 $6,026 $4,136  $4,847
2045 $3,738  $4,540 $6,329 $4,195  $4,744
2050 $4,196 $5,022 $4,821 $5,609 $6,688 $4,309  $4,641
Optimistic
2010 $0 $4,935 $1,160 $5,957 $10,512 $22945 $11,869
2015 $400 $3,601 $7,433 $12,679  $8,818
2020 $939 $2,800 $1,947 $3,802 $5,715 $6,484  $5,768
2025 $1,618 $2,942 $5,110 $3,599  $4,495
2030 $2,436  $3,160 $3,198 $3,875 $4,996 $2,960  $3,222
2035 $2,734  $3,408 $5,158 $2,863  $2,978
2040 $3,085 $3,770 $3,735 $4,385 $5,377 $2,830  $2,734
2045 $3,487 $4,142 $5,655 $2,900 $2,780
2050 $3,941 $4,611 $4,508 $5,152  $5,990 $3,024  $2,826

Following the treatment in the 2013 National Academies report, we assume that the each vehicle
technology is offered in both cars and light trucks, and that the fraction of (light trucks sales)/(all
light duty sales) is 50% in 2010, gradually decreasing to 36% by 2030 and remaining at this level
to 2050. From this we develop a “composite” average light duty vehicle cost for sales in each year.
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Mid-Range
2010
2015
2020
2025
2030
2035
2040
2045
2050

Optimistic
2010
2015
2020
2025
2030
2035
2040
2045
2050

Composite Light Duty Vehicle - Total Incremental Cost vs 2010 baseline

vehicle

These are learned out costs assuming large scale mass production

ICE
$0
$446
$1,015
$1,707
$2,521
$2,784
$3,094
$3,450
$3,852

$0
$386
$896
$1,528
$2,282
$2,541
$2,847
$3,199
$3,597

HEV

$4,478
$3,833
$3,200
$3,180
$3,435
$3,529
$3,830
$4,162
$4,590

$4,478
$3,274
$2,647
$2,724
$2,907
$3,130
$3,448
$3,780
$4,195

CNG
ICE

$1,356
$1,056
$2,208
$1,762
$3,430
$2,297
$3,878
$2,606
$4,527

$1,356
$1,015
$2,063
$1,614
$3,114
$2,079
$3,540
$2,382
$4,191

CNG

HEV PHEV BEV ECV
$5,640  $9,164 $19,462 $10,212
$2,597  $8,327 $15,678 $8,215
$4,251 $5,471 $5,933 $6,269
$2,566  $5,050 $3,688 $5,315
$4,270  $5,187 $3,355 $4,372
$2,735 $5,110 $3,231 $4,130
$4,551 $5,339 $3,259 $3,887
$3,001 $5,617 $3,336 $3,829
$5,212 $5,914 $3,462 $3,771
$5,640  $9,164 $19,462 $10,212
$2,451 $6,466 $10,503 $7,427
$3,675 $4.,985 $5,200 $4,721
$2,218  $4,517 $2,815 $3,616
$3,676  $4,414 $2,242 $2,525
$2,398  $4,566 $2,185 $2,341
$4,094  $4,741 $2,182 $2,157
$2,706  $4,982 $2,267 $2,215
$4,752 $5,282 $2,401 $2,272

In our calculations to find the early market RPE of the vehicle, the following parameters are used:
We assume a progress ratio of 90% (each doubling of cumulative production leads to a 10%
reduction in price), so that a=-0.152. Qp= 500,000. For estimating the effects of manufacturing

scale, we assume go = 500,000 vehicles/year and ¢ = -0.25.

Adjustment for Lower Battery Cost

Since the NRC analysis in 2013, the costs of batteries have decreased more rapidly than
anticipated (Nyquist and Nilsson 2015). To reflect this, we have done an alternative case with
different assumptions about battery costs for cars. We kept the other vehicle parameters from the
NRC 2013 study (see Table F.28 from the NRC study below), but reduced assumed battery costs

to match those from Nyquist and Nilsson (see Table A.2).

SUSTAINABLE TRANSPORTATION ENERGY PATHWAYS

An Institute of Transportation Studies Program

54



U.S. Transition Costs for Electric Drive Vehicles Revised December 2016

TABLE F.28 Details of the Potential Evolution of a Midsize Battery Electric Vehicle, 2010-2050

2010 2030 mid 2030 opt 2050 mid 2050 opt

Test cycle range, miles 130 130 130 130 130
Electric motor power, kW 110.8 91.6 85.6 81 71.2
Fraction of braking energy recovered. % 87.5 90.2 92.5 94
Electric motor efficiency, % 90.7 91.6 92.5 93.5
Net battery charge efficiency, % 86.7 87.8 88

Accessory demand, W into generator 152 104.1 98.2 923 84.6
Battery depth of discharge, % 80 88 92 90 94
Battery capacity, kWh 37.6 25.8 21.7 19.9 15.9
Fuel economy, test mpg. 152 195 225 250 303
Fuel economy, test kWh/100 mile 221 17.3 15 13.5 11.1
Battery cost, $/kWh 450 250 200 160 150
Incremental cost versus baseline, $ 15.979 5.401 4,384 3.184 2,050
Incremental cost versus conventional, $ 15,979 2,968 2,139 —475 -1,353

Table A.2 Assumed Automotive Battery Manufacturing Costs ($/kWh) for Two Studies: NRC
(2013) and Nyquist and Nilsson (2015). We replaced the battery costs in Table F.28 (NRC
2013) with those from Nyquist and Nilsson (2015).

year NRC 2013 Nyquist and Nilsson 2015
Base Case Optimistic Case
Battery Cost Battery Cost Base Case Battery | Optimistic Case
$/kWh $/kWh Cost $/kWh Battery Cost $/kWh
2010 450 450 450 450
2015 375 350 410 300
2020 300 275 200 200
2025 275 250 150 150
2030 250 200 150 150
2035 225 180 150 150
2040 200 160 150 150
2045 180 155 150 150
2050 160 150 150 150

Table A.3 Composite Light Duty Vehicle Adjusted for Lower Battery Costs
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Composite Light Duty Vehicle - Total Incremental Cost vs 2010 baseline

vehicle: ADJUSTED FOR LOWER BATTERY COSTS

These are learned out costs assuming large scale mass production

CNG CNG
Mid-Range | ICE HEV ICE HEV PHEV BEV FCV
2010 $0  $4,478 $1356 $5,640  $9,164 $20,065 $10,212
2015 $446  $3,833 $1,056  $2,597  $8,327 $13,286  $8,215
2020 $1,015  $3,200 $2,208  $4,251  $5,471 $5,676  $6,269
2025 $1,707  $3,180 $1,762  $2,566  $5,050 $4,301 $5,315
2030 $2,521  $3,435 $3,430 $4,270  $5,187 $3,860  $4,372
2035 $2,784  $3,529  $2,297  $2,735  $5,110 $3,657  $4,130
2040 $3,094 $3,830 $3,878  $4,551  $5,339 $3,574  $3,887
2045 $3,450  $4,162  $2,606  $3,001  $5,617 $3,617  $3,829
2050 $3,852 $4,590  $4,527  $5212  $5914 $3,589 $3,771
Optimistic

2010 $0  $4,478 $1356 $5,640  $9,164 $19,462 $10,212
2015 $386  $3,274 $1,015 $2,451  $6,466 $10,503 $7,427
2020 $896  $2,647  $2,063  $3,675  $4,985 $5,200  $4,721
2025 $1,528  $2,724  $1,614  $2218  $4,517 $2,815 $3,616
2030 $2,282  $2,907 $3,114 $3,676  $4,414 $2,242  $2,525
2035 $2,541  $3,130  $2,079  $2,398  $4,566 $2,185 $2,341
2040 $2,847  $3,448  $3,540  $4,094  $4,741 $2,182  $2,157
2045 $3,199  $3,780  $2,382  $2,706  $4,982 $2,267  $2,215
2050 $3,597  $4,195 $4,191  $4,752  $5,282 $2,401 $2,272

Using Vehicle Transition Cost Models to Estimate the Vehicle Retail Price Equivalent over
Time.

Given projected sales of EDVs over time so we can find q (the annual production) and Q (the
cumulative production) over time allows us to calculate the vehicle costs as a function of time.

Market growth curves for EDVs can be based on a hypothetical response to societal goal or policy
(for example growth of EV population to satisfy the ZEV regulation), by analogy from historical
results for adoption of vehicle innovations (for example, market share for Hybrid electric vehicles
like the Prius over time) or from results from a consumer choice model. Given the uncertainties,
most studies look at a range of market growth scenarios.

COMPARING EDVS AND REFERENCE VEHICLES DURING A
TRANSITION

In comparing EDVs and Reference Vehicles different metrics can be used. These include lifecycle
cost, cash flow or consumer utility. Transition analysts sometime define a “breakeven” year where
the EDV becomes comparable to the reference vehicle according to the metric of choice. Extra
costs can be counted up from market introduction to the breakeven year as an indication of
investments that might be needed to bring the EDV to cost competitiveness. These investment
costs can be broken down by stakeholder (e.g. automaker, fuel supplier, etc.)

ESTIMATING THE INFRASTRUCTURE NEEDS FOR DIFFEFENT ALTERNATIVE FUELS.
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Depending on the fuel, different types of infrastructure development would be needed. For plug-
in electrics (PEVs) such as battery EVs and PHEVs, we assume home chargers (1 per PEV) are
used plus a network of public chargers (1 per 200 PEVs). For hydrogen, we construct a regional
infrastructure based on the analysis in Ogden and Nicholas 2011 and Ogden and Yang 2010.

LIFECYCLE COST EQUIVALENCE

In comparing EDVs and Reference Vehicles the Lifecycle Cost of Transport is sometimes used as a
metric. In our modeling we keep the LCC model very simple, considering only vehicle first cost,
fuel costs and non-fuel O&M costs. (In a consumer choice or other utility-based model, many
other factors come into play such as how consumers value range, fuel availability, vehicle size,
vehicle choices, environmental values, etc.)

The lifecycle cost (LCC) of owning and operating an EDV can be compared to that for a reference
gasoline vehicle at a given year. When the lifecycle cost of the EDVs is equal to that of Reference
vehicles, we have reached “breakeven”.

The LCC has several components: the vehicle purchase cost, the fuel cost, and non-fuel O&M
costs.

LCC = Gy + Cra + Cusa

where C,, is the total cost of vehicle purchase, Ciq is the discounted lifetime fuel cost, and Cytq is
the discounted lifetime non-fuel cost. The non-fuel O&M costs are often assumed to be the same
for different types of vehicles, so we focus on the differences in vehicle first cost and fuel costs.

The LCC can be readily modified to include additional costs such as a carbon tax (which is added
to the fuel cost). A “societal lifecycle cost” (SLCC) can also include damage costs from
externalities like air pollution, climate change, noise, and energy security (Sun, Delucchi, Ogden
2010).

One metric for determining when the EDV is comparable to a reference vehicle is to compare the
LCC for the two vehicles over time. The lifecycle cost difference DLCC, is:

DLCC[ = LCCEDV,L - LCCGasoline Ref,t
= Cp,EDv + C[,d,EDv- [Cp,Re[+ Cf,d,Ref]

In very early markets, we expect the DLCC will be strongly positive as the EDV costs significantly
more to purchase while EDV fuel costs may be higher or lower. But over time the vehicle
purchase cost difference becomes lower, as EDVs are mass produced, and the alternative fuel
infrastructure scales up. When DLCC reaches zero, we have reached “break even” . At this
point, owning and operating the EDV over its lifetime will cost the same as owning and operating
the gasoline reference vehicle. So at this point, when considering only private costs, society
should be indifferent to which vehicle is on the road. (Note that this is not necessarily the same as
the consumer being indifferent - he or she still might not buy the vehicle. But society as a whole
is indifferent.)

Getting to the breakeven point can take a number of years. One method for estimating the
transition cost is to add up the investments necessary to bring the EDV to competitiveness.
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The transition cost can be calculated as the summation of the difference in purchase costs and
discounted fuel costs between the alternative and reference vehicles multiplied by the number of
EDVs sold in a given year (Nepv,), summed over all years, t, from when an EDV is introduced to
the breakeven year (BEY).

BEY BEY

Z ALCCy = Z (((Cp,AFV - Cp,Ref) + (Cf,d,AFV - Cf,d,Ref)) ><NAFV>
t t

Summing the fuel costs in this way allocates all the future differential costs of fuel to the year the
EDV is purchased.

CASH FLOW APPROACH

The “Cash Flow” approach is an alternative to the LCC approach above. A “Cash Flow” approach
estimates the incremental first cost of EDVs vs. reference vehicles over time. It also uses a stock
turnover model to find the total number of EDVs on the road in any given year, accounting for
vintages, new vehicles purchased and old vehicles retired. We can then estimate the total EDV
fleet’s fuel consumption and compare this to the fuel bill if we’d stayed with gasoline ref vehicles
instead. The cash flow accounts for the extra new vehicle first costs and the EDV fleet’s yearly fuel
savings. The annual cash flow in year t (ACF)) is the sum of two terms, (1) the difference in
purchase cost between the reference and alternative vehicle multiplied by the number of EDVs
sold that year (Nepvsales,), i-€. the incremental costs for buying EDVs in a given year, and (2) the
difference in fuel costs between the reference and EDV multiplied by the total number of EDVs in
the fleet that year (Nepvaeei,), i-€. the total incremental cost of purchasing alternative fuels for the
EDV fleet.

ACF = [Cpreti — Cp.epv,] X Nepvsalest + [Crrety — Crepv,d X NEpviteets

Given that EDV purchase costs are higher than the reference vehicle while fuel costs should be
lower, “break even” from this cash flow perspective is when this annual cash flow is equal to zero,
i.e. when the extra expenditure of buying new EDVs is counterbalanced by the annual fuel savings
from the on-road EDV fleet. (Note that this is a different breakeven year than when considering it
from a lifecycle perspective).

The transition cost to get to this point is

BEY BEY
Z ACF, = Z (((Cp,Ref - Cp,UFV) X Nprv ¢ sates T (Cf,t,Ref - Cf,t,AFV)) X NAFV,t,Fleet)
t t

summed over time from t =year of EDV introduction to the cash flow breakeven year (BEY).

The sum of the first term is the subsidy needed to incentivize the vehicle buyer or manufacturer
between market intro and breakeven.

BEY

Z ((Cp,Ref - Cp,AFV) X NAFV,t,sales )
t

summed over time from t =year of EDV introduction to the breakeven year.
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The required transition subsidies to infrastructure builders can be estimated by analyzing how
much infrastructure is needed to reach overall pathway breakeven (e.g. count up all or some part
of the infrastructure cost from market intro to breakeven year). Alternatively, one could look at
fuel cost separately and say the fuel provider breaks-even when he can sell the fuel at an
equivalent cost as gasoline on a cost per mile basis.

In this example, cash flow calculation discounting is not used. The overall concept is that society
as a whole breaks even once the incremental cost of buying the EDVs in year N is offset by fuel
cost savings that year from the on-road EDV fleet.

HOW ARE THESE APPROACHES DIFFERENT FROM CONSUMER CHOICE MODELS?

Note than both the LCC and the Cash Flow approaches are fundamentally different from a
consumer choice approach. The LCC and Cash Flow approaches look only at the direct economic
cost of introducing EDVs. Consumer choice and other utility models take into account consumers’
utility (not necessarily equal to the lowest cost solution based on vehicle and fuel costs).
Consumer choice models often build in factors that influence the utility a vehicle will provide to a
consumer, including consumer preferences for fuel availability, range, trunk space, vehicle size
and other vehicle characteristics, as well as vehicle first costs and fuel costs. The choice probability
(and assumed market share) will depend on the utility and costs associated with each vehicle type.
Consumers might want to be paid back for extra vehicle first cost within 3-5 years, but this not the
same as the cost to the economy. The efficient car may “pay back” its additional first cost in 3
years, but it will still go on delivering fuel saving cost benefits for years 4-14. Models of consumer
decision-making may not count these lifetime fuel savings, but LCC or Cash flow models do.

In our study, we use consumer choice models as a guide to construct alternative market adoption
curves over time, but use LCC or Cash flow models to estimate the cost to the economy and the
investments of different stakeholders.

Description of the transition cost modeling approach used in this paper

1) Develop Scenarios for EDV Adoption. Scenarios can be based on historical data for
analogous vehicles (use a similar curve to the market penetration of HEVs), extrapolation
of early EDV sales, consumer choice models, or even policy goals. The new vehicle sales
can be translated into an estimate of the on-road vehicle stock using a “stock turnover”
model. The vehicle miles traveled by EDVs are also tracked.

2) Apply Equation for Technically Achievable Price to find the EDV first cost during the
early transition as a function of learning, scale and calendar year.

3) Assume fuel economy vs. time for EDVs based on vehicle simulations

4) Assume fuel cost over time consistent with EDV penetration (for H, from NRC study, for
gasoline and electricity from EIA AEO). Use individual pathway studies to find
infrastructure costs.

5) Find breakeven year via LCC or Cash Flow models — breakeven year will differ
depending on which approach you use. Breakeven using the lifecycle cost approach is the
year in which the expected lifecycle costs for a new EDV are equivalent to the expected
lifecycle costs for a reference gasoline vehicle. Breakeven using the cash flow approach is
the year in which the EDV fleet fuel savings relative to the reference vehicle is equivalent
to the incremental purchase cost for new EDV sales relative to the reference vehicle.

6) Find vehicle subsidy needed to reach breakeven year

7) Find infrastructure investment needed to break even year

8) Also calculate build out cost beyond breakeven (to 2030 and 2050)

9) Add estimates of other societal benefits (air pollution, GHG, energy security, noise).
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EXAMPLES OF TRANSITION COST CALCULATIONS

We use a cash flow model to estimate the costs of different types of vehicles over time, as well as
breakeven years and buydown costs. This is also used to calculate investments and subsidies
required during the transition.

Our results are sensitive to the many assumptions that go into the investment calculation. In this
section we show detailed result for our base case and seven sensitivity cases:

1. Our” base case” (Figure 2), Battery costs have been updated to reflect recent cost
reductions, using battery cost estimates from Nyquist and Nilsson 2015.

2. A “slow market adoption” case where EDVs are introduced 50% as fast as the base
case,

3. A “high ICEV efficiency” case where internal combustion engines achieve very high
efficiency, making it harder for EDVs to compete on the basis of fuel savings;

4. An “optimistic EDV cost” case where EDV technology advances faster than in the base
case and costs fall more rapidly (based on optimistic case results from the National
Academies’ 2013 study as shown in Appendix A), and

5. A “high oil price” case where we assume oil prices are higher than in our Base Case -
these are based on EIA’s 2015 AEO High Oil Price case instead of their Reference Case.

6. A “low oil price” case where we assume oil prices are lower than in our Base Case -
these are based on EIA’s 2015 AEO Low Oil Price case instead of their Reference Case.

7. A “high battery cost” case, where battery costs are from the NRC 2013.

8. A “low carbon” electricity and hydrogen supply case, where renewable technologies
are introduced early.

The cases above were analyzed assuming taxed gasoline prices from the 2015 EIA Annual Energy
Outlook, but no taxes on hydrogen and electricity. We also did a sensitivity case where untaxed
gasoline prices were used (we subtracted Federal and state taxes of $0.52/gallon from the taxed
gasoline prices in the AEO). The results with untaxed gasoline cases are shown in Figure A-1b.

Summary Graph of Sensitivity Studies

SUSTAINABLE TRANSPORTATION ENERGY PATHWAYS
An Institute of Transportation Studies Program 61



U.S. Transition Costs for Electric Drive Vehicles Revised December 2016

Cumulative Investments and Subsidies
for EDV Scenarios with updated Battery Costs
2010 to 2035 ($million)
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Figure A.1. Cumulative Investments (right hand bar) and Subsidies (left hand bar) for Eight Electric
Drive Vehicle Rollout Scenarios from 2010 to 2035. Cases with high ICEV efficiency and low oil
price don’t breakeven until after 2035 (except for BEVs which breakeven in 2031). The other cases
breakeven between 2023 and 2032.
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Cumulative Investments and Subsidies
for EDV Scenarios w/ updated Batt. Cost, No Fuel Taxes
2010 to 2035 ($million)
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Figure A.1.b. Cumulative Investments (right hand bar) and Subsidies (left hand bar) for Eight Electric
Drive Vehicle Rollout Scenarios from 2010 to 2035. We assume gasoline, electricity and hydrogen are
untaxed. Cases with high ICEV efficiency or Low Oil Prices don’t breakeven until after 2035. The other
cases breakeven between 2027 and 2034.
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Scenario for Sales of Electric Drive Light Duty Vehicles in Leameé out, mass produced retail Vehicle Retail Price Equivalent
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APPENDIX B: NATIONAL ROLLOUT SCENARIOS FOR HYDROGEN FUEL CELL
VEHICLES IN THE U.S.

We develop several scenarios for a national hydrogen fuel cell vehicle rollout in a series of
“lighthouse cities” (LHCs) based on 1) scenarios from the 2008 NRC “Hydrogen Transitions”
report (NRC 2008), and 2) scenarios based on use of near-term commercial technology using
hydrogen truck delivery and onsite steam methane reformers (Ogden and Nicholas 2011).

ROLLOUT ANALYSIS BASED ON THE NRC 2008 HYDROGEN TRANSITION STUDY

The results from the 2008 NRC report have been described in (NRC 2008, Ogden and Yang 2009).
Hydrogen FCVs are introduced in series of lighthouse cities according to the schedule in Figure
B.1. An optimal city-level hydrogen supply for that number of vehicles is estimated, choosing the
lowest cost hydrogen supply from a variety of options. The total delivered hydrogen cost is found
for each city in turn, and a national average hydrogen cost is estimated. When the national average
hydrogen cost reaches the same fuel cost per mile as a competing gasoline car we say that the fuel
supply is competitive. This happens when the H2 cost is about $7/kg, competing with gasoline at
about $4/gallon. This happens 5 years after FCV introduction in city after city (Figure B.2). If we
assume public support until the national average fuel supply cost reaches $7/kg, this amounts to
an investment about $1 Billion for perhaps 500 stations, spent over 5 years.

REGIONAL H2 FCV INTRODUCTION (NRC 2009)
ANNUAL SALES IN 1000S OF VEHICLES.YR

A U W W 0106 U 018 014 U220 ). 22 V23 22 2
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Figure 154. USDOE Plan for the number of light-duty H, vehicles sold annually in 27
‘lighthouse’ cities, given in 1000s of vehicles per year introduced between 2012 and 2025.
The overall build-up rate corresponds to DOE Scenario 3. The total number of hydrogen
vehicles in 2025 is 10million, and 2.5 million vehicles are sold that year. Reprinted with
permission from Gronich, (2006).

Figure B.1 Hydrogen Rollout Scenario in NRC 2009. This is roughly consistent with FCV curves

in Figures 2 and 3 of this paper, assuming that the first year of FCV introduction is moved from
2012 to 2015.
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Figure 15.6. Delivered hydrogen cost in US cities for phased introduction of hydrogen cars.

Figure B.2. Delivered hydrogen cost in U.S. Cities for phased introduction of hydrogen cars (NRC
2008, Ogden and Yang 2009).
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Figure 15.7. Average US delivered hydrogen cost and gasoline price at different years.

Figure B.3. National Average Delivered hydrogen cost in U.S. for rollout scenario in Figure B.1
(Ogden and Yang 2009).
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Figure B.4. Estimate of investment in stations to reach national average H2 cost of $7/kg. This
takes about 5 years and requires about $1 Billion of investment in stations. (Note that we have
moved the start year in this graph from 2012 as used in the 2008 NRC H2 Transition report to
2015).

Another way to estimate the needed infrastructure investment is based in the lifetime cost of
transportation. Lifetime cost competitiveness includes buying down the cost of the FCV vehicles
as well as reducing the hydrogen fuel cost by scaling up regional infrastructures. The lifetime cost
of owning and operating the FCV is the same as that for a gasoline ICEV competitor. If we assume
that hydrogen infrastructure build-out must be supported until the lifetime cost for FCVs
competes with a gasoline car, “breakeven” takes several more years, and results in an overall
infrastructure capital investment cost of perhaps $8 Billion (about 4000 stations) spent over 13
years (NRC 2008).

EARLY ROLLOUT SCENARIOS BASED ON A REGIONAL CLUSTER STRATEGY

Since the 2008 NRC study, as hydrogen FCVs have begun commercial introduction worldwide,
there have been more detailed analyses of how a hydrogen infrastructure rollout might proceed
and better estimates of the capital and operating costs of hydrogen stations. The type of hydrogen
supply influences the capital investments needed for infrastructure. The 2008 NRC report used
an optimized hydrogen fuel supply chain incorporating advanced technologies, but it now appears
that early hydrogen infrastructure will probably build on commercial hydrogen delivery
technologies used in the industrial gas business, such as truck delivery of compressed hydrogen
gas or liquid hydrogen. Early stations will be sited in early adopter “cluster” areas within a city or
region, concentrating infrastructure near the earliest FCV adopters to provide better accessibility
at lower cost (Ogden and Nicholas 2011). By the time 50,000-100,000 FCVs have been
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introduced in a particular city or local region!® we estimate that 100-200 stations would have been
built. Hydrogen infrastructure capital investments for industrial gas-based supply would be
perhaps $3000-4000 per FCV served and hydrogen costs at the pump would be in the range $6-
8/kg, competitive with gasoline on a fuel cost per mile basis (Ogden, Yang, Nicholas and Fulton
2014). Reaching competitiveness in each lighthouse city might require $150-300 million of
support for early stations in each city, before the local fuel network was commercially “launched”
in the sense that the next station built would be an economically attractive investment for private
sector investors. If the first few lighthouse cities are successful, investors might gain enough
confidence to open new lighthouse cities building a more extensive hydrogen infrastructure from
the beginning, anticipating a rapidly rising market share of FCVs that would make infrastructure
economically attractive within only a few years. In other words, our conjecture is that the private
sector might take over development of U.S. hydrogen infrastructure once it was successful in a few
cities. How many cities would have to be subsidized to encourage private investment? We have
developed cases where FCVs are introduced in 5 U.S. lighthouse cities, followed by rapid rollouts
in 55 additional cities by 2030.

We develop several U.S. national scenarios based on “cluster strategy” rollouts in successive
lighthouse cities. In the first group of lighthouse cities called “early lighthouse cities” the rollout
progresses relatively slowly. In “Later Lighthouse Cities” the rollout is assumed to be more rapid.

Our assumed vehicle rollout in an early lighthouse city is shown in Figure B.5, reaching 60,000
vehicles on the road by year 8 and 150,000 by year 10. The station network in each city is
designed to provide coverage (e.g. adequate number of stations for fuel accessibility for early
adopters), and then capacity (adequate hydrogen supply for growing numbers of vehicles). We
assume that compressed gas truck delivery is used initially in each lighthouse city, with supply
switching to onsite natural gas reforming once the regional hydrogen FCV population reaches
50,000-100,000 (typically in the 8th or 9th year after the introduction of FCVs). Figure B.6 shows
the assumed number of stations and their capacity over time (Tables B.1 and B.2 have details on
the types of stations and their costs), and Figure B.7 shows the estimated hydrogen cost20 and
cumulative capital investment in stations over time.

' In Southern California, 100,000 FCVs would be about 1% of the regional light duty fleet.

%% The regional levelized hydrogen cost ($kg) in each year is calculated based on the annualized capital cost for
the stations built to date, plus annual fixed and variable operating costs for all the stations in that year, all
divided by the number of kilograms of hydrogen dispensed in that year. The cumulative capital cost is the sum
of the capital expenditures on stations starting at market introduction.
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Table B.1. Scenario for rollout of FCVs and hydrogen stations in an “early lighthouse city”.

Year 1 2 3 4 5 6 7 8 9 10 11 12
# FCVs in fleet [197 240|347 |1161 [12106 [23213 | 34320 [59320 | 99320 |149320 [234320 |354320
H2demand
kg/d 138 | 168|243 | 813 | 8474 [16249 | 24024 [41524 | 69524 | 104524 [164024 |248024
#NEW STATIONS INSTALLED PER YEAR BY STATION SIZE (kg/d) AND TYPE
Station Size
Compressed Gas Truck Delivery
100 kg/d +
170 kg/d +
250 kg/d 10
500 kg/d 20 20 20 50 80
Onsite Steam Reformer
1000 kg/d | | | | | | 50 85 120
TOTAL STATION CAPACITY (kg/d)
23358 35358
400 | 400 |1080 |3580 |13580 [23580 | 33580 |58580 |98580 |148580 | 0 0
NETWORK CAPACITY FACTOR
1034 [042 [0.22 [023 [ 062 069 | 072 [071 | 071 | 070 | 070 | 0.70
TOTAL NUMBER OF STATIONS
| 4 | 4 |8 |18 | 38 | 58 | 78 [128 [208 | 258 | 343 | 465
CUMULATIVE CAPITAL INVESTMENT IN STATIONS ($ millions)
| 4 | 4 |8 |23 [ 53 | 8 | 113 |18 | 308 | 526 | 899 | 1424
LEVELIZED COST OF HYDROGEN ($/kg)
Network Average for entire rollout
1318 [272 [305 [227 | 94 | 87 | 85 |84 [ 83 | 73 |658 |6l4
Next Station Built (at 70% capacity factor)
| | | | | | 80 [ 80 [80 |61 [ 61 |61 [ 61
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Table B.2. Hydrogen Station Cost Assumptions: 700 bar dispensing. (Compressed Gas Truck
costs based on industry input; Onsite SMR and electrolyzer costs from (Ogden and Nicholas

2011).

Time frame

| Capital Cost

| Annual O&M cost $/yr

COMPRESSED GAS TRUCK DELIVERY

Phase 1 (years 1-2)

100 kg/d
250 kg/d

$1 million
$1.5 million

$100 K (fixed O&M) +

1 kWh/kgH, x kg Ho/yr x $/kWh
(compression electricity cost)

+ H, price $/kg x kg Ho/y

(H, cost delivered by truck)

Phase 2 (years 3-4)

Same as above

170 kg/d $0.9 million

250 kg/d $1.4 million

Phase 3 (year 5+) Same as above
170 kg/d $0.5 million

250 kg/d $0.9 million

500 kg/d $1.5-2 million

ONSITE STEAM METHANE REFORMER

Phase 3 (year 5+)
1000 kg/d

$4.38 million

7% capital costs + $216,000 rent (fixed O&M)

0.154 MBTU/kg x NG price($/MBTU) x kg Ho/yr
(natural gas feedstock cost)

+ 3.08 kWh/kg x kg Hy/yr x $/kWh
(compression electricity cost)

ONSITE ELECTROLYZER

Phase 2 (years 3-4)
170 kg/d
250 kg/d
500 kg/d

$2.7 million
$3.7
$4.7

10% capital costs + $80,000 rent (fixed O&M)
9% capital costs + $120,000 rent (fixed O&M)
8% capital costs + $144,000 rent (fixed O&M)

(electrolysis + compression) x (elec. price)

(53.4 kwh/kg + 1.74 kWh/kg) x $/kWh (variable O&M)

Phase 3 (year 5+)
500 kg/d
1000 kg/d

$3.1 million
$5.1 million

8% capital costs + $144,000 rent (fixed O&M)
7% capital costs + $216,000 rent (fixed O&M)

(electrolysis + compression) x (elec. price)

(53.4 kwh/kg + 1.74 kWh/kg) x $/kWh (variable O&M)
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Figure B.5 Early Light House City Scenario for regional FCV sales and on-road fleet vs. years
(year 1 = start of commercialization).
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Figure B.6. Early Lighthouse City Scenario for total number of regional hydrogen stations,
average size of new stations built and network capacity factor (= hydrogen dispensed/station
network capacity). The station network serves the FCV rollout in Figure B.5. The network
capacity factor is low for the first few years, as stations are built ahead of vehicle deployment.
Initially stations are small to provide coverage for early adopters. The network factor is plotted
on the right hand y-axis; other variables on the left hand y-axis.
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Figure B.7. Estimate of the investments needed to support hydrogen infrastructure
development in an early lighthouse (right hand y-axis) and the hydrogen cost (left hand y-axis).

For “Later Lighthouse cities”, we assume that the ramp up begins at year 5 of Figures B-5-B.7,

essentially skipping the first few years of the rollout where only tens of stations and 100s of FCVs

were in place. This assumes there is enough confidence in the market to move ahead quickly to

scale in new cities starting out with thousands of FCVs per year.

Table B.3. Scenario for rollout of FCVs and hydrogen stations in a “later lighthouse city”.

Year 1 2 3 4 5 6 7 8 9 10 11
# FCVs in fleet
(1000s) 10 20 |30 |50 | 70 120 170 | 220 | 270 320 370
H2demand
kg/d 7000 14000 21000 |35000 49000 84000 119000 154000 189000 224000 259000
#NEW STATIONS INSTALLED PER YEAR BY STATION SIZE (kg/d) AND TYPE
Station Size
Compressed Gas Truck Delivery
500 kg/d | 20 [ 20 20 |40 | | | | | |
Onsite Steam Reformer
1000 kg/d | | | | | 20 | s0 | 50 50 50 50 50
TOTAL STATION CAPACITY (kg/d)
[ 10000 [ 20000 [30000 [50000 [ 70000 | 90000 | 140000 [190000 | 240000 | 290000 | 340000
NETWORK CAPACITY FACTOR
| 070 [ 070 o070 Jo70 [ 070 | o070 | 070 o070 | 070 | 070 | 070 |
TOTAL NUMBER OF STATIONS
| 20 [ 40 |60 J100 [ 120 | 170 | 220 [270 | 320 | 370 | 420 |
CUMULATIVE CAPITAL INVESTMENT IN STATIONS ($ millions)
| 30 [ 60 |90 [150 | 238 | 457 | ev6 | 895 | 1114 | 1332 | 1551 |
LEVELIZED COST OF HYDROGEN ($/kg)
Network Average
| 83 [ 83 [83 |83 [ 74 | 65 | 62 |60 | 58 | 58 | 57 |
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We now develop a national scenario made up of staged introduction of FCVs in a series of “early
LHCs” and “Later LHCs”. To reach overall U.S. sales of 2 million FCVs per year by 2030, we
postulate that 60 lighthouse cities adopt hydrogen by 2030, beginning with Southern California.
Each city goes through a similar infrastructure scale-up process, starting with truck delivery and
progressing to onsite reformation of natural gas. We perform the infrastructure cost analysis for a
representative early lighthouse city and a representative later lighthouse city. The overall national
U.S. investment is estimated as a sum of this staged development. Once hydrogen has been
successfully introduced in the first 5 lighthouse cities, we assume an additional 5 LHCs start in
2020 and proceed more quickly in infrastructure build-up and FCV adoption. These are followed
in 2025 by an additional 16 LHCs, and in 2030 by an additional 34, or a total of 60 cities by 2030.

In our base case, the national U.S. rollout progresses as follows:

2015-2020: 5 early lighthouse cities (LHCs) follow the FCV adoption rate and station
build-out shown in Figures B.5-B.7. (The assumed rollout begins in Southern California,
followed by New York City, Chicago, Washington/Baltimore and San Francisco.) By year
10 after the rollout begins, each early lighthouse city has a FCV population of 150,000 and
annual sales of 50,000/yr. For reference 50,000 per year is about 10% of the annual sales of
vehicles in the Los Angeles area (7% of Southern California annual light duty vehicle
sales). This is a market adoption rate similar to the most successful PEV markets today, for
example in the Netherlands or Norway. By year 12 after introduction (2027) the market
increases to 120,000 FCVs per year in each early LHC and is assumed to stay at that level.

2020-2025: 5 additional early LHCs adopt FCVs and build hydrogen infrastructure,
following the rollout shown in Figures B.5-7. FCV adoption is assumed to happen more
rapidly than for the first 5 cities, and by year 8 (2028), each late lighthouse city has an on-
road FCV population of 150,000 and annual sales of 50,000/yr. It is assumed that regional
sales in each LHC reach 120,000 per year in year 10. Depending on the size of the city,
this requires FCVs to capture a major fraction of the fleet within about 10 years. By 2025,
the nationwide annual FCV sales are about 0.5 million/yr and the on-road number of
FCVs is about 1 million counting the first 10 cities

2025-2030: We assume that FCV markets continue to grow and FCVs and hydrogen
infrastructure are introduced into an additional 16 LHCs starting in 2025. These cities
follow the “late lighthouse city” scenario in Table B.2. We assume that sales in LHCs 11-
26 grow to 50,000 FCVs per year by year 6 (2031) and remain at this level. The total
national FCV market fraction reaches about 11% by 2030 (2 million annual sales of FCVs
out of a total of 18 million LDV sales).

2030-2035: We assume that FCV markets continue to grow and FCVs and hydrogen
infrastructure are introduced into an additional 34 LHCs in 2030. Sales in these “late”
LHCs 27-60 grow to 50,000 FCVs per year by 2034. The total national FCV market
fraction reaches about 22% by 2035 (4 million annual sales of FCVs out of a total of 18
million LDV sales).

There are 60 U.S. cities with metro-area populations of 1 million or more. A city of 1 million
would have regional LDV annual sales of perhaps 60,000 units per year, so sales of 50,000
FCV/yr would be equivalent to 83% of the LDV market in that city. To accommodate growing
numbers of PHEVs and BEVs in addition to FCVs, we might need to limit the sales of FCVs in
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LHCs to a fraction of the total. Basically, the scenario in Figure 2 and 3 requires that FCVs be
introduced into many large U.S. cities by 2025, and that they rapidly capture market share, at a
rate similar to the fastest growing PEV markets today.

Figure B.8 shows the on-road fleet numbers over time as hydrogen FCVs are rolled out in a series
of 60 lighthouse cities. The first 5 rollouts begin in 2015-2020 (blue area), followed by an
additional 5 cities in 2020 (red area), 16 more cities in 2025 (yellow area), and an additional 34
LHCs in 2030,

FCVsin On-Road Fleet (1000 vehicles):
Base Case Scenario (60 Lighthouse Cities)
25000

20000 ‘
LHC 27-60 /,

15000
10000

5000

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Figure B.8. The on-road fleet for H2 FCVs is shown over time for a scenario where FCVs are
introduced over time in a series of early lighthouse cities (#1-5) and later lighthouse cities (#6-
60). Year 0 corresponds to 2015 and year 20 to 2035.
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o Scenario: FCV Sales in 60 Lighthouse Cities
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1o FCV Regional Market Share of LDV Sales 10 FCV Regional Market Share of LDV Sales

03 FCV Regional Sales Reach 10-30% by ~2030 08 FCV Regional Sales Reach 10-40% by ~2030

08 (National US FCV Sales = 11% of LDV Sales in 2030) 08 (National US FCV Sales = 11% of LDV Sales in 2030)

07 Doubling sales 2030-2035 =>very rapid rise in FCV adoption - Doubling sales 2030-2035 => very rapid rise in FCV adoption
US ave. FCV sales ~22% of LDV sales in 2035 : US ave. FCV sales ~22% of LDV sales in 2035
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Figure B.9 Two different rollout plans to produce the on-road vehicle numbers shown in Figure
B.8.

Figure B.9 shows two different regional sales profiles to meet the total on-road vehicle fleet
numbers in Figure B.8. The upper graphs show the sales per year in the progression of lighthouse
cities (LHC). The first 5 rollouts begin in 2015 (blue area), followed by an additions 5 cities in
2020 (red area), 16 cities in 2025 (yellow area), and 34 LHCs in 2030. The lower graphs show the
regional FCV fraction of light duty vehicle sales in each city over time. This is an indication of
how much local market share FCVs are assumed to capture over time. The left hand graphs show
a case where the market fraction in the early cities (shown in blue and red) stabilizes at 10-30%
after about 10-12 years and doesn’t grow beyond that. The cities introduced in 2030 show a very
rapid market uptake, reaching market fractions of 40-90% in about 5 years. (Such high fractions
may not be realistic, given competition from conventional technologies as well as PEVs.) The right
hand graphs illustrate a case where sales fractions keep growing in the early lighthouse cities until
they reach 20-40%, and the later LHCs grow at a slower rate, reaching about 10-20% of sales after
5 years. In both cases, the average U.S. sales fraction is 22% in 2035, but in the left hand case, the
fractional sales rate is higher for later LHCs.

Looking at the aggregated national numbers, the U.S. average levelized cost of hydrogen is shown
in Figure B.10. The investment in hydrogen stations is shown in as well. This is the sum of the
investments required to bring each region to cost competitive hydrogen production (defined as
$6-8/kg).
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Figure B.10. U.S. National FCV rollout scenario. Average H2 cost, and cumulative investments
for the first 200 stations in early lighthouse cities and the first 100 stations in later lighthouse
cities. These levels are estimated to be enough to launch the regional infrastructure in each city.

The estimated national average hydrogen cost is used to analyze the breakeven year for FCVs
considering vehicle buydown.

The national breakeven year is reached in 2031 when an estimated 10 million FCVs are on the
road in a total of 60 cities. The total vehicle subsidy required to 2031 is about $43 Billion, spent
over a total of 16 years (starting in 2015).

We assume that the infrastructure capital cost must be supported in each city until the regional
hydrogen cost is $7/kg. We estimate that reaching this infrastructure “launch point” in each city
requires paying for an initial 200-300 stations in the 10 early lighthouse cities and 60-100 stations
in each of the next 15 (later) lighthouse stations. The total “launch” cost is about $8.2 Billion
capital cost for 4200 stations, the majority of them truck delivery stations. The total capital
expenditure on hydrogen stations (including those stations built after hydrogen becomes
profitable) is $48 B in 2030 and $99 B in 2035.

SLOW MARKET ADOPTION CASE

The figures and tables below summarize the hydrogen infrastructure analysis for the “Slow Market
Adoption” case.
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Number of FCVs in fleet and FCV sales

(vehicles/yr): STEPS Slow Regional Scenario
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Table B.4. Scenario for rollout of FCVs and hydrogen stations in “early lighthouse city”: slow
market case

Year 1 2 3 4 5 6 7 8 9 10 11 12
11716 |17716
# FCVs in fleet| 99 120 |173 |[580 | 6053 [11606 | 17160 29660 |49660 | 74660 0 0
H2demand 12401
kg/d 69 84 121 406 | 4237 | 8125 12012 20762 34762 | 52262 (82012 2

#NEW STATIONS INSTALLED PER YEAR BY STATION SIZE (kg/d) AND TYPE

Station Size
Compressed Gas Truck Delivery

100 kg/d +
170 kg/d +
250 kg/d 10
500 kg/d 20 20 20 25 40
Onsite Steam Reformer
1000 kg/d | | | | | | 25 43 60
TOTAL STATION CAPACITY (kg/d)
13408 | 19408
400 | 400 |1080 |3580 |13580 |23580 | 33580 [46080 |66080 | 91080 0 0

NETWORK CAPACITY FACTOR

| 017 [o021 Joa1 Joa1 [ 031 | 034 | 036 [045 [ 053 | 057 [ o061 | 064

TOTAL NUMBER OF STATIONS

| 4 | 4 |8 |18 | 38 | 58 | 78 J103 | 143 | 168 | 211 | 271
CUMULATIVE CAPITAL INVESTMENT IN STATIONS ($ millions)
| 4 | 4 |8 |23 | 53 | 8 | 113 J1s0 [ 210 | 320 | 508 | 771

LEVELIZED COST OF HYDROGEN ($/kg)
Network Average for entire rollout

576 [484 [549 [392 [ 126 | 114 | 109 ][99 [917 | 817 | 729 | 6.68

Table B.5. Scenario for rollout of FCVs and hydrogen stations in a “later lighthouse city”: slow
market case

Year 1 2 3 4 5 6 7 8 9 10 11
# FCVs in fleet
(1000s) 5 10 15 25 35 60 85 110 135 160 185
H2demand
kg/d 3500 7000 10500 [17500 | 24500 42000 58500 77000 | 95000 112000 | 130000

#NEW STATIONS INSTALLED PER YEAR BY STATION SIZE (kg/d) AND TYPE
Station Size

Compressed Gas Truck Delivery

500 kg/d 10 [ 10 10 |20 | | | | | |
Onsite Steam Reformer
1000 kg/d | | | | | 10 | 25 | 25 25 25 25 25
TOTAL STATION CAPACITY (kg/d)
| 5000 [10000 [15000 [25000 [ 35000 | 60000 | 85000 110000 | 135000 160000 185000

NETWORK CAPACITY FACTOR

| 070 [ 070 o070 Jo70 [ 070 | 070 | 070 o070 | 070 | 070 | 070 |
TOTAL NUMBER OF STATIONS

| 10 [ 20 [30 |50 [ 60 | 8 | 110 [135 | 160 | 185 | 210 |
CUMULATIVE CAPITAL INVESTMENT IN STATIONS ($ millions)
| 15 [ 30 [45 |75 [ 119 | 228 | 338 |442 | 557 | 665 | 776 |

LEVELIZED COST OF HYDROGEN ($/kg)
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Figure B.13. U.S. National FCV rollout scenario: slow market case. Average H2 cost, and
cumulative investments for the first 200 stations in early lighthouse cities and the first 100
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stations in later lighthouse cities. These levels are estimated to be enough to launch the

regional infrastructure in each city. Comparing to Figure B. 9, we see that the early levelized
hydrogen cost and the cumulative overall infrastructure investment is higher than the base
case. This occurs because the stations are less well utilized in the slow market case.
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APPENDIX C. COMPARISON OF THIS REPORT WITH RECENT ANL CRADLE TO GRAVE
REPORT.

In June 2016, a group of industry and government analysts published a new report on current and
future light duty vehicle pathways in the United States.

Elgowainy, A. et al. “Cradle to Grave Lifecycle Analysis of U.S. Light Duty Vehicle/Fuel
Pathways: A Greenhouse Gas Emissions and Economic Assessment of Current and Future
(2025-2030) Technologies,” Argonne National Laboratory, Energy Systems Division,
ANL/ESD 16/7, June 2016.

Several reviewers of earlier drafts of this paper, suggested that we compare STEPS results with
those in the C2G report. We make this comparison in this Appendix.

OVERALL CONCLUSIONS OF THE ANL C2G REPORT AND COMPARISON WITH STEPS
RESULTS

Below we quote from the Executive Summary of the ANL C2G report, noting in capital letters
whether the STEPS study is in overall agreement with these major findings of the C2G study.

“The following observations are drawn from this (C2G) report:

Emissions:

+” Large GHG reductions for LDVs are challenging and require consideration of the entire
lifecycle, including vehicle manufacture, fuel production, and vehicle operation”. (STEPS
REPORT AGREES)

Cost:
* “High-volume production is critical to the viability of advanced technologies.” (AGREE, SEE
FIGURE 6)

* “Incremental costs of advanced technologies in FUTURE TECHNOLOGY, HIGH VOLUME cases are
significantly reduced, reflecting estimated R&D outcomes.” (AGREE, SEE FIGURE 6)

» “Low-carbon fuels can have significantly higher costs than conventional fuels.” (AGREE, SEE
FIGURE 12, BUT THE HIGHER EFFICIENCY OF ELECTRIC AND HYDROGEN VEHICLES
COMPARED TO GASOLINE VEHICLES CAN COMPENSATE FOR THIS ON A CENT PER MILE
BASIS, ONCE THE LOW CARBON FUEL IS PRODUCED AT SCALE- SEE FIGURE 13.)

* “Vehicle cost is the major (60-90%) and fuel cost the minor (10-40%) component of LCD when
projected at volume. Treatment of residual vehicle cost is an important consideration. Many
alternative vehicles and/or fuels cost significantly more than conventional gasoline vehicles for the
CURRENT TECHNOLOGY case, even when costs are projected for high-volume production.”
(AGREE, ALTHOUGH WE DON'T EXPLICITLY SHOW THIS RESULT).

Cost of carbon abatement:

+ “For the CURRENT TECHNOLOGY, HIGH VOLUME case, carbon abatement costs are generally on the
order of $100s per tonne CO2to $1,000s per tonne CO:2 for alternative vehicle-fuel pathways
compared to a conventional gasoline vehicle baseline.” (AGREE FOR THE 2015 TIMEFRAME,
SEE FIGURE 21)

» “FUTURE TECHNOLOGY, HIGH VOLUME carbon abatement costs are generally expected to be in the
range $100-$1,000/tonne CO2.” (AGREE, SEE FIGURE 21)

Technology feasibility:
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« “Significant technical barriers still exist for the introduction of some alternative fuels. Further,
market transition barriers — such as low-volume costs, fuel or make/model availability, and
vehicle/fuel/infrastructure compatibility — may play a role as well. “ (AGREE, SEE DISCUSSIONS
IN SECTION ON P. 17 ff on INFRASTRUCTURE COSTS FOR ELECTRIC AND
HYDROGEN VEHICLES

“Limitations:

* AEO 2015 data for prices of crude oil, gasoline, and diesel fuel used in the CURRENT
TECHNOLOGY case differ from subject data reported for early 2016. Because these data are different
and because they are among several factors considered in this analysis, the calculated CURRENT
TECHNOLOGY LCD for gasoline and diesel and the CURRENT TECHNOLOGY cost of avoided GHG
emissions for the other alternative pathways relative to gasoline would be different if 2016 prices
were used. One of the consequences of using AEO 2015 data for the CURRENT TECHNOLOGY cases
is that the prices of crude oil, gasoline, and diesel fuel used in this report are 40-50% higher than
actual market prices for those products in the first quarter of 2016 (the time this report was
written). This report examines current fuel costs in greater detail in Section 9.4 and Appendix F.”
(STEPS STUDY BASE CASE USED EIA AEO 2015 GASOLINE PRICES, DOING SENSITIVITY
CASES FOR LOW, REF., AND HIGH OIL PRICE CASE)

+ “This (the C2G) study evaluated GHG emissions and cost of individual pathways and assumed
common vehicle platforms for comparison. The cost estimates in this study are subject to
uncertainties due to their projection at both high- and low-volume production for the CURRENT
TECHNOLOGY case and their dependence also on technology advancement for the FUTURE
TECHNOLOGY case. Furthermore, market scenario analysis should build on this pathway analysis
to explore the realistic potential of the mix of different pathways to achieve GHG emission targets
in different regions” (STEPS STUDY ASSUMED THAT TECHNOLOGY DEVELOPED OVER
TIME, AS MANUFACTURING SCALED UP. EXPECTED AND OPTIMISTIC CASES FROM THE
NRC 2013 TRANSITIONS REPORT WERE USED TO ESTIMATE VEHICLE COSTS.)

* “Key GHG emission parameters influencing the results of various pathways are subject to
different degrees of uncertainty. For example, methane emissions of the CURRENT TECHNOLOGY
natural gas pathway vary greatly between the various studies. Land use change attributed to large-
volume biofuel production is another example of uncertainty and varies greatly between studies.”
(AGREED)

* “Factors other than cost of avoided GHG emissions, such as air quality, vehicle functionality
(range, refueling time and infrastructure availability, packaging), and fuel production scalability,
are important but not captured in this study.” (STEPS STUDY DID NOT EXPLICITLY ESTIMATE
THESE COSTS EITHER).

Overall, there was significant agreement between the STEPS report and the major findings of the
C2G report.

DETAILED COMPARISONS BETWEEN ASSUMPTIONS IN THE C2G REPORT AND
THE STEPS STUDY

CASES CONSIDERED

The C2G report considered a wide range of fuels and vehicles as shown in the table below and
focused on two time frames current (2015) and future (2025-2030) (see Table C.1 below).
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Table C.1 (from ANL C2G study)

Table 2. Vehicle-fuel combinations considered in this C2G analysis

Vehicle Technology Gasoline® | Diesel| CNG | LPG Essb H: Electricity
ICEV X X X X X — —
HEV X — — — — — —

H: FCEV — — — — — X —
BEV90° — - - - - — X
BEV210¢ - - - - -1 - X
PHEWV10 (power-split)® 75%E - - - - - 25%E
PHEV35 (EREV)f 42%2 - - - - - 58%*2
# (Gasoline (E10) assumed to contain 10% corn ethanol by volume.

b

Blend of ethanol fuel grade with gasoline as explained in footnote 2.

BEWV®0 has 90 mi “on-road” driving range.

BEWV210 has 210 mi “on-road™ driving range.

PHEV10 has 10 mi “on-road” electric range and is modeled as a power-split PHEV.

L -V 1

[

PHEWV35 has 35 mi “on-road” electric range and is modeled as an EREV.

m

The fraction of total miles driven on fuel or electricity is assumed per SAFE (2010). The exact fraction for the
nominal PHEV35 depends on its on-road range. as described in Section 3.2.

The STEPS study also focused on the timeframe between 2015-2035, but considered only four
pathways, gasoline ICEVs, gasoline fueled plug-in hybrids, battery electrics, and hydrogen fuel cell
vehicles.

The STEPS study looked at transition scenarios for each year between 2010-2035, while the C2G
study analyzed snapshot years of 2015 and 2025-2030 representing “Current” and “Future”
technologies.

VEHICLE MODELING

The C2G report did extensive runs with the Autonomie model to estimate vehicle performance,
configuration and cost for current and future (2025-2030) technology. Vehicle costs assumed
large scale manufacturing with a base case of 500,000 units per year.

The STEPS study relied on modeling results from the NRC 2013 report on Light Duty Vehicle
Transitions for vehicle attributes and costs. However, we updated the battery costs to reflect more
recent thinking using Nyquist and Nilsson’s 2015 report. In the STEPS study, the assumed level
of vehicle manufacturing varied over time, in step with assumed market growth. Further, we
assumed that the vehicle and fuel technologies came down in cost over time due to learning and
scale-up.
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FUEL INFRASTRUCTURE MODELING

The C2G study used the following sources for fuel and infrastructure costs.

Tables C.2 and C.3 (from ANL C2G study)

Table 4. Overview of vehicle and fuel cost models and data sources

Vehicle Data Fuel Data Source
Technology |  Source | Gasoline | Diesel | NG | 1LPG | ES85 Electricity

ICEV
HEV EIA AEO (and TEA models for TEA

DOE vehicle FUTURE TECHNOLOGY pathways) models
PHEV .

costing

BEV analysis

(Autonomie)
FCEV HDSAM

models

Table ES-1. Fuel production pathways considered in this C2G analysis

| Fuel | CURRENT TECHNOLOGY Case | FUTURE TECHNOLOGY Case
Gasoline | U.S. average crude mux (blended with - . _
(E10) 10% corn ethanol) Pyrolysis of forest residue (no ethanol blending)
Pyrolysis of forest residue
Hydroprocessed renewable diesel (HRD) from
. ) soybeans
Diesel U.S. average crude mix - —
20% fatty acid methyl ester (FAME) drop-in bio-
based diesel (B20) from soybeans
Gas-to-liquid Fischer-Tropsch diesel (GTL FTID)
CNG Us. average of conventional and shale
gas mix
75% from U.S. conventional and shale
LPG gas mux and 25% from U S. average |—
crude mix
Ethanol 85% corn ethanol (blended with 85% cellulosic from corn stover (blended with 15%
(E85) 15% petroleum gasoline blendstock)  |petrolenm gasoline blendstock)
Electrolysis from wind
Centralized production from steam Biomass (poplar) gasification
Hydrogen h formine (SMR -
methane reforming ( ) Natural gas SMR with carbon capture and storage
(ccs)
Natural gas advanced combined cycle (ACC)
. icity Natural ACCw/ CCS
Electricity EIA AEO US average electricity ﬁ gas W
generation mix in 2014 Wind
Solar photovoltaic
UCDAVIS
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The STEPS study used the EIA AEO 2015 for projections of future fuel and electricity prices, plus
in house UC Davis models for hydrogen infrastructure design and costs (Ogden et al. 2014).

FUEL COST ASSUMPTIONS

Figure C.2 Assumed Fuel Costs From ANL C2G study
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Figure C.3 Fuel Cost assumptions vs. time for gasoline, hydrogen and electricity (STEPS
study).
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Fuel Costs (S/gallons per gasoline equiv. energy)
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We used taxed gasoline prices, but no taxes on hydrogen or electricity. This contrasts with the
C2G study, which assumed no taxes on any fuel. We ran untaxed gasoline cases as a sensitivity
study, which made it harder for electric vehicles to compete with gasoline vehicles.

Fuel costs were comparable in the two studies, although our assumed near term hydrogen costs
were significantly higher in the early years than those in the C2G study, which assumed a more
mature infrastructure.

FUEL ECONOMY ASSUMPTIONS

The assumptions from the C2G study are shown in Table C.4 below.

UCDAVIS
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Table 36. Combined fuel economy and electricity consumption adjusted for on-road performance

Fuel Economy Adjusted Fuel Economy Ratio
for On-road (relative to baseline
Performance * gasoline ICEV) (%)
CURRENT FUTURE CURRENT FUTURE
Vehicle, Mode, and Unit TECH TECH TECH TECH
Gasoline SI ICEV (mpgge) 26.2 34.5 100 100
E85 SIICEV (mpgge) ° 26.2 36.2 100 105
CNG STICEV (mpgge) 27.6 320 105 93
LPG SIICEV (mpgge)® 26.2 345 100 100
Diesel CTICEV (mpgge) 3l.6 38.1 121 111
Gasoline STHEV (mpgge) 360.5 535 139 155
H, FCEV (mpgge) 54.1 72.0 207 209
BEV90 (mpgge) 100.5 120.4 384 349
BEV210 (mpgge) 84.6 107.3 324 311
PHEV10 (power-split
CD electricity consumption (Wh/mi) 223 203
CD fuel consumption (Btu/mi) 1,129 713
CD distance (mi) 12 10
CS fuel economy (mpgge) 358 522 137 151
CD fuel economy (mpgge) 594 227 232
PHEV35 (EREV)
CD electricity consumption (Wh/mi) 342 274
CD fuel consumption (Btu/mi) 2 2
CD distance (mi) 35 33
CS fuel economy (mpgge) 34.8 51.1 133 148
CD fuel economy (mpgge) 95.9 119.6 366 347

3 Units are given in the first column.

b Assumed equal to gasoline ICEV. The efficiency of CURRENT TECHNOLOGY and FUTURE TECHNOLOGY vehicles was computed
assuming medium technology progress.

Figure C.5 shows fleet averaged fuel economy assumptions from the STEPS study
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Fleet Averaged Fuel Economy (mpgge)
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Fuel economy assumptions from the STEPS study are shown above. These are higher efficiency
compared to the C2G study. Also, in the STEPS study these are fleet averages fuel economies for a
light duty fleet with a mix of cars and light trucks. The BEV 100 has a fuel economy 3.7-6 x that of
a gasoline car. The FCV fuel economy is 2.5-3.5 X greater than a gasoline ICEV. These fuel
economy assumptions make it easier for the BEVs and FCVs to compete with gasoline cars on a
lifecycle cost basis in our study compared to the C2G study.

VEHICLE COSTS
Vehicle costs increments are higher in the C2G study than in the STEPS study.

This makes it more difficult for alternative fueled vehicles to compete with gasoline vehicles.
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Table C.7 Assumed vehicle costs in the C2G study

Table 38. Vehicle costs used in this study from the Autonomie model (Moawad et al. 2016)?

CURRENT TECHNOLOGY, FUTURE TECHNOLOGY, HIGH VOLUME
HIGH VOLUME (2013%) (20139)
Vehicle Total Incremental Total Incremental

Technology Cost Cost® Cost Cost® Range
Gasoline/E85 21,384 — 23,491 2,107 +784
LPG 22 881 1,497 N/A N/A N/A
Diesel 24,697 3,313 25,839 4,455 +1,087
CNG 26,121 4,737 N/A N/A N/A
HEV 27,327 5,942 25,561 4,177 +1,097
PHEV10 30,029 8,645 26,150 4,766 +763
PHEV35 38,442 17,058 29,885 8,501 +1.475
H, FCEV 37,923 16,539 30,264 8,880 +1,991
BEV90 32,598 11,214 27,057 5,673 +2 289
BEV210 64,598 43214 43,056 21,672 +7,246

2 Incremental costs are relative to the CURRENT TECHNOLOGY, HIGH VOLUME gasoline ICEV.

ASSUMED VEHICLE COSTS IN THE STEPS STUDY

The vehicle costs are taken from NRC 2013, except for battery costs which are from Nyquist and

Nilsson 2015. We used a “composite light duty vehicle” based on NRC costs for a light duty fleet

made up of cars and light trucks.

Table C.8
Composite Light Duty Vehicle - Total Incremental Cost vs 2010 baseline
vehicle FOR A FLEET of cars and light trucks
These are learned out costs assuming large scale mass production
CNG CNG
Mid-Range | ICE HEV ICE HEV PHEV BEV FCV
2010 $0  $4,478 $1356 $5,640  $9,164 $19,462 $10,212
2015 $446  $3,833 $1,056  $2,597  $8,327 $15,678  $8,215
2020 $1,015  $3,200 $2,208  $4,251  $5,471 $5,933 $6,269
2025 $1,707  $3,180 $1,762  $2,566  $5,050 $3,688  $5315
2030 $2,521  $3,435 $3,430  $4270  $5,187 $3,355 $4,372
2035 $2,784  $3,529  $2297  $2,735  $5,110 $3,231 $4,130
2040 $3,094  $3,830 $3,878  $4,551  $5,339 $3,259 $3,887
2045 $3,450  $4,162  $2,606  $3,001  $5,617 $3,336  $3,829
2050 $3,852  $4,590  $4,527  $5212  $5914 $3,462 $3,771
Optimistic
2010 $0  $4,478 $1356 $5,640  $9,164 $19,462 $10,212
2015 $386  $3,274 $1,015 $2,451  $6,466 $10,503 $7,427
2020 $896  $2,647  $2,063  $3,675  $4,985 $5,200  $4,721
2025 $1,528  $2,724  $1,614  $2218  $4,517 $2,815 $3,616
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2030 $2,282  $2,907  $3,114  $3,676  $4,414 $2,242 $2,525
2035 $2,541 $3,130  $2,079  $2,398  $4,566 $2,185 $2,341
2040 $2,847  $3,448  $3,540  $4,094  $4,741 $2,182 $2,157
2045 $3,199  $3,780  $2,382  $2,706  $4,982 $2,267 $2,215
2050 $3,597  $4,195  $4,191 $4,752 $5,282 $2,401 $2,272

Light-Duty Car - Total Incremental Cost vs 2010 baseline vehicle |
These are learned out costs assuming large scale mass production
CNG CNG
Mid-Range ICE HEV ICE HEV PHEV BEV FCV
2010 $0  $4,020 $1,552 $5323 $7,815 15,979  $8,554
2015 $435 $3,510 $1,921 $4,723 $7,233 13,014  $6,955
2020 $986 $2,989 $2,290 $4,122 $4,928 4,975  $5,355
2025 $1,652 $3,017 $2,842 $4,139 $4,635 3,099  $4,551
2030 $2,433  $3,280 $3,395 $4,156 $4,804 2,816  $3,747
2035 $2,675 $3,357 $3,5890 $4,273 $4,734 2,724 $3,547
2040 $2,960 $3,638 $3,783 $4,389 $4,952 2,765  $3,347
2045 $3,288 $3,949 $4,072 $4,689 $5,216 2,852  $3,314
2050 $3,659 $4,347 $4,361 $4,988 $5,479 2,985  $3,281
Optimistic
2010 $0  $4,020 $1,552 $5323 $7,815 15,979  $8,554
2015 $376  $3,006 $1,846 $4457 $5,675 8,722  $6,288
2020 $867 $2485 $2,140 $3,590 $4,497 4344  $4,022
2025 $1,473  $2,590 $2,604 $3,577 $4,153 2,335 $3,078
2030 $2,195 $2,765 $3,067 $3,564 $4,087 1,839  $2,133
2035 $2,432  $2,973 $3,249 $3,747 $4,233 1,803  $1,983
2040 $2,713 $3,267 $3,430 $3,930 $4,383 1,818 $1,832
2045 $3,036  $3,577 $3,722  $4,228 $4,603 1,911  $1,897
2050 $3,403 $3,960 $4,013 $4,527 $4,884 2,050 $1,961
Light-Duty Truck - Total Incremental Cost vs 2010 baseline vehicle |
These are learned out costs assuming large scale mass production
CNG CNG
Mid-Range ICE HEV ICE HEV PHEV BEV FCV
2010 $0  $4935 $1,160 $5957 $10,512  $22,945 $11,869
2015 $460  $4,228 $9,664  $18,934  $9,755
2020 $1,059 $3,516 $2,086 $4,445 $6,285 $7,370  $7,641
2025 $1,798  $3,446 $5,726 $4,650 $6,562
2030 $2,676  $3,711 $3,493 $4,472 $5,868 $4,314  $5,483
2035 $2,978 $3,834 $5,777 $4,132  $5,165
2040 $3,332  $4,171 $4,047 $4,840 $6,026 $4,136  $4,847
2045 $3,738  $4,540 $6,329 $4,195  $4,744
2050 $4,196 $5,022 $4,821 $5,609 $6,688 $4,309  $4,641
Optimistic
2010 $0  $4935 $1,160 $5957 $10,512  $22,945 $11,869
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2015 $400 $3,601 $7,433  $12,679  $8,818
2020 $939  $2,800 $1,947 $3,802 $5,715 $6,484  $5,768
2025 $1,618 $2,942 $5,110 $3,599  $4,495
2030 $2,436  $3,160 $3,198 $3,875  $4,996 $2,960  $3,222
2035 $2,734  $3,408 $5,158 $2,863  $2,978
2040 $3,085 $3,770 $3,735 $4,385  $5,377 $2,830  $2,734
2045 $3,487  $4,142 $5,655 $2,900  $2,780
2050 $3,941 $4,611 $4,508 $5,152  $5,990 $3,024  $2,826
SUMMARY

There was broad agreement on many of the findings of the C2G study and the STEPS study.
Some aspects were different which accounted for some the differences in the results

o Goal/Scope of study
*  The goal of the C2G study was to study costs and cradle to grave GHG
emissions for a wide variety of fuel/vehicle pathways.
» The C2G study looked at two snapshot years current (2015) and future
(2025-2030), and assumed
* The goal of the STEPS study was to estimate the investments and subsidies
needed to buy down the cost of electric battery and fuel cell vehicles to
cost competitive levels with gasoline light duty vehicles. GHG emissions
were estimated, but were not a major focus of the study.
* The STEPS study used a learning curve model to estimate the cost of
advanced vehicles over time as production scaled up and technology
advanced between 2010-2035.
o Input Assumptions
* The STEPS study assumed lower vehicle costs and higher fuel economies
than the C2G study. STEPS based costs on the 2013 NRC Light Duty
Vehicles Transition Report, with battery costs from Nyquist and Nilsson
2015.
»  The fuel costs were higher in the STEPS study in early years, based on a
model of early high cost infrastructure.
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