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a b s t r a c t

Advanced vehicles and alternative fuels could play an important role in reducing oil use and changing
the economy structure. We developed the Costs for Advanced Vehicles and Energy (CAVE) model to
investigate a vehicle portfolio scenario in California during 2010–2030. Then we employed a computable
general equilibrium model to estimate macroeconomic impacts of the advanced vehicle scenario on
the economy of California. Results indicate that, due to slow fleet turnover, conventional vehicles are
expected to continue to dominate the on-road fleet and gasoline is the major transportation fuel over
the next two decades. However, alternative fuels could play an increasingly important role in gasoline
lug-in hybrid electric vehicles (PHEVs)
lternative transportation fuels
acroeconomic analysis

displacement. Advanced vehicle costs are expected to decrease dramatically with production volume and
technological progress; e.g., incremental costs for fuel cell vehicles and hydrogen could break even with
gasoline savings in 2028. Overall, the vehicle portfolio scenario is estimated to have a slightly negative
influence on California’s economy, because advanced vehicles are very costly and, therefore, the resulting
gasoline savings generally cannot offset the high incremental expenditure on vehicles and alternative
fuels. Sensitivity analysis shows that an increase in gasoline price or a drop in alternative fuel prices

he ne
could offset a portion of t

. Introduction

Advanced vehicles and alternative fuels could play an important
ole in environmental protection. Conventional vehicle emissions
ontribute a lot to urban air pollution [1]. In contrast, advanced
ehicles could substantially reduce greenhouse gas (GHG) emis-
ions [2] and improve urban air quality [3,4]. Moreover, alternative
ehicles could also reduce oil use and change the economy struc-
ure. Ogden et al. [5] estimated societal lifecycle costs of fuel cell
ehicles. However, few such studies have examined the macroeco-
omic impacts of advanced vehicles – fuel cell vehicles, battery
lectric vehicles, and plug-in hybrid electric vehicles – on the
tatewide economy [6].

The next few decades are expected to be an important period of
ransitioning to alternative transportation technologies [7,8]. Cali-
ornia has enacted aggressive zero emission vehicle (ZEV) policies
o transition to a low carbon economy. Thus, it is meaningful to
xamine the potential market trajectory of advanced vehicles in
he on-road vehicle stock over the time period 2010–2030. Taking

his a step further, the study also estimates total energy use and
asoline displacement or savings resulting from alternative vehicle
enetrations.

∗ Tel.: +1 530 752 1599; fax: +1 530 752 6572.
E-mail address: wghwang@ucdavis.edu.

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.07.009
gative impact.
© 2010 Elsevier B.V. All rights reserved.

To estimate the steady-state costs for non-conventional vehi-
cles and fuels in California, we developed a Costs for Advanced
Vehicles and Energy (CAVE) model. Much uncertainty exists in fore-
casting costs for future electric drive vehicles, and estimates of
advanced vehicle cost depend heavily on market penetration sce-
narios [9]. By employing learning curve techniques, the vehicle cost
trajectory associated with a portfolio scenario is determined. Using
a California-specific economic model, we eventually estimate the
macroeconomic impacts of advanced vehicles on the economy of
California.

2. Costs for Advanced Vehicles and Energy (CAVE) model

This study is focused on the time period 2010–2030, which is
critical for the transition of advanced vehicles. However, there are
no or few such vehicles today on the road in California and in the
US. As with other studies, this analysis generally assumes non-
conventional future cars have a comparable or higher performance
than today’s cars. Only passenger cars are considered; other light
duty vehicles such as pickup trucks, sports utility vehicles (SUVs),
and vans are not included in the study. Below are a few important
modeling steps in CAVE.
2.1. Vehicle market penetration

The on-road fleet of passenger cars is based on projections of
California’s mobile emission factor model, EMFAC2007. New car

dx.doi.org/10.1016/j.jpowsour.2010.07.009
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:wghwang@ucdavis.edu
dx.doi.org/10.1016/j.jpowsour.2010.07.009
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Fig. 1. Annual VMT of a typica

ales each year account for 6.3% of the on-road fleet of that year
10]. We developed a portfolio scenario of new sales of advanced
ehicles. The rationale is that there is no “silver bullet” solution
no single vehicle/fuel pathway – can help California meet its

ong-term climate change mitigation targets, i.e., reducing GHG
missions to 80% below 1990 levels by 2050 [2]. Advanced vehi-
le penetration into the market occurs at the national level. It is
xtremely important to note that, within the context of the entire
S market for advanced vehicles, California is assumed to account

or 50% of new sales in 2010 and linearly down to 20% in 2030.
ew car sales are composed of the following five types of vehi-
les.

Fuel cell vehicles (FCVs). Hydrogen FCVs are assumed to take
ff in 2020–2027, spanning eight years. California has been long
nterested in developing hydrogen refueling infrastructure, e.g.,
he California Hydrogen Highway project. On the other hand, fuel
ell technology has been making rapid progress and, in 2008,
uel cell system costs dropped to $73 kW−1 at high volume, say,
00,000 units year−1 [11]. As with another study [7], a represen-
ative FCV is an 80 kW fuel cell “engine” with 5 kg of compressed
ydrogen gas stored onboard.

Battery electric vehicles (BEVs). BEVs are expected to take off in
018–2025, spanning eight years. This analysis assumes BEVs to
ave almost comparable performance as the other advanced or
onventional vehicles, including driving range and battery dura-
ility.

Plug-in hybrid electric vehicles (PHEVs). PHEVs are assumed to
ake off in 2018–2025 too, like BEVs, as battery is the most criti-
al limiting factor for both. However, PHEVs are expected to have
uch higher volume than BEVs to reflect the current “hot” interest.

his study uses PHEV-30, a plug-in hybrid with an all electric range
AER) of 30 miles per charge, as a representative vehicle.

Hybrid electric vehicles (HEVs). HEVs began to penetrate the
arket a decade ago and are now commercially mature. Regular

ybrids account for about 5% of current new car sales in California,
nd are expected to grow linearly to 17% in 2030 in the portfolio
cenario.

Internal combustion engine vehicles (ICEVs). The remaining new

ales are all conventional ICEVs included as a point of comparison.

Only ICEVs and HEVs make up the current fleet mix and sales
ix. Note that advanced vehicles, or called electric drive vehicles,

nclude FCVs, BEVs, and PHEVs. Pure ZEVs include only FCVs and
EVs.
nd vehicle survival rate [13].

2.2. Vehicle cost: learning-by-doing and technological advance

Several recent studies applied a composite learning curve
approach to estimate the cost of fuel cell vehicles in the hydro-
gen transition [7,9] and the cost of plug-in hybrids [8]. In fact,
there is no better way to project future cost of new technology in
an accurate manner, especially for the complicated transportation
technologies. Similarly, we also employ the learning curve tech-
niques to estimate likely cost trajectories of new, advanced vehicle
technologies.

For each doubling of cumulative capacity, unit cost of manufac-
turing will drop by a percentage, typically, 80% [12]. For a given
year, a general learning-by-doing function is shown in Eq. (1):

CN = C1 × Nb (1)

where C1 is the cost for the first unit; CN refers to the cost required
to produce the Nth unit; N is the number of units produced, e.g., the
number of cars made; and b = log2(p) = −0.322 for a typical progress
ratio p = 0.80.

However, the original equipment manufacturer (OEM) cost of
building the first vehicle in 2030 makes no sense to remain the
same as making the first vehicle of model year 2010. In order for the
learning approach to accommodate the varying effects of different-
year technologies, the cost required to produce the first unit is
expected to drop with year, reflecting technological advance during
the period 2010–2030, as shown in Eq. (2):

C1(T) = C1(2010) × e−�(T−2010) (2)

where T is any calendar year in 2010–2030; C1(2010) is the cost for
the first unit in 2010; C1(T) refers to the cost for the first unit in
year T; and � is a constant; e.g., � = 0.0112 represents that the cost
of the first unit, on average, declines by 1% with year.

The total cost is derived by applying the unit cost equation as
many times as needed and then summing all the values. The aver-
age cost is the total cost divided by the number of units produced.
Note that the average cost of each advanced vehicle is estimated in

the context of the entire US advanced vehicle market, where Cali-
fornia is assumed to account for 50% of the new sales in 2010 and
linearly down to 20% in 2030. However, the aggregate vehicle costs
correspond to the California fleet only, as this study is focused on
statewide (not national) impacts.
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Fig. 2. Comparison of two

.3. Annual VMT

This study employs vehicle miles traveled (VMT) of a typical
ar in the US. Fig. 1 shows the average annual VMT, based on the
ransportation Energy Data Book [13], which generally drops with
ehicle age, especially in the beginning years. Note that at ages of
5 years and older, a typical car travels 5300 miles year−1.

.4. Vehicle scrappage

.4.1. Gompertz function approach
Vehicle survival rates are estimated by using the Gompertz func-

ion approach. This exponential relationship is shown as Eq. (3):

(t) = e−B(eCt−1) (3)

here t is vehicle vintage, t = 0, 1, 2, . . .; s(t) refers to vehicle survival
ate at age t; and B and C are constants: this study assumes B = 0.02
nd C = 0.21.

By definition, the vehicle scrappage rate and the survival rate
um to one. The scrappage rate at a certain vehicle age, based on
he Gompertz approach, is shown in Fig. 2.

Expected vehicle lifetime can be calculated as Eq. (4):

=
∑30

t=0MSRt × t
∑30

t=0MSRt

(4)

here t̄ is expected vehicle lifetime; t is vehicle vintage, t = 0, 1, 2,
. ., 30. Vehicles older than 30 years could be left out of the calcu-
ation because of their small fleet share; and MSRt stands for the

arginal scrappage rate at age t, which equals the scrappage rate
t age t minus the scrappage rate at age t − 1.

The Gompertz function approach gives an expected vehicle life-
ime of 16.8 years, which is consistent with 16.9 years of passenger
ars’ life [14]. The Oak Ridge National Laboratory (ORNL) study also
resents data on US vehicle survival rates (see Fig. 1), which are not

sed for our vehicle stock model as they are calculated to have an
xpected vehicle lifetime of 13.5 years. Fig. 2 compares the scrap-
age rate estimates (Gompertz) and the ORNL scrappage rates. In
eality, the scrappage rate or vehicle lifetime, more or less, depends
n the resale price of old vehicles and their scrap value.
f vehicle scrappage rates.

2.4.2. Vehicle stock
Theoretically, the on-road vehicle stock in calendar year T can

be estimated as Eq. (5):

Veh Stock (T) = Veh Stock (T − 1) + New Sales (T)

−Veh Scrappage (T) (5)

For vehicles of the same model year at age t, vehicle scrappage is
calculated as Eq. (6):

Veh Scrappage (t) = New Sales (t = 0) × Scrappage Rate (t) (6)

In practice, we estimate the vehicle stock, accounting for scrappage,
by using Eq. (7):

VS(T) =
t∑

i=0

NS(2010 + i) × SR[T − (2010 + i)] (7)

where T is any calendar year within 2010–2030; t is vehicle vintage,
t = T − 2010; i is an integer for calculation purposes only; VS stands
for the on-road vehicle stock in year T; NS stands for the number of
new sales of vehicles, e.g., FCVs; and SR stands for vehicle survival
rate.

2.5. Fuel economy

Fuel economy employed is based on the EPA combined
city/highway drive cycle: 55% city driving and 45% highway driv-
ing. We assume faster growth rates for conventional ICEVs in
the 2010–2020 time frame to reflect California’s Clean Car Stan-
dards (Pavley): “Pavley I” standards are in place for model years
2009–2016, and “Pavley II” for 2017–2020. Thereafter fuel econ-
omy would increase at a slower rate through 2030. Fig. 3 shows the
trends in future improvements of passenger car fuel economy, in
miles per gallon of gasoline equivalent (mpgge).

For model year 2010, FCV could be operated with fuel economy
of 72 miles per gallon (mpg) [15], BEV with 105 mpg [16], and ICEV
with 31 mpg [16].

While the 2010 model Toyota Prius (4 cylinders, 1.8 L) has a
combined fuel economy rating of 50 mpg, almost all other regu-

lar hybrids are EPA-rated far below this. This study uses an average
fuel economy number of 42 mpg for composite OEMs starting from
the 2010 model [16].

PHEV-30 typically corresponds to a utility factor of 0.50, which
means 50% of aggregate VMT occurs in charge depleting (CD) mode,
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Fig. 3. Trends in future improve

.e., all-electric driving [17]. On a gasoline gallon equivalent (gge)
asis, PHEV-30 consumes a total of 71% of energy use in HEV:
asoline accounts for 50% and electricity 21% [17]. Therefore, an
EV-based estimate of 59 mpg applies to PHEV-30 in 2010.

Those pre-2010 vehicles are expected to be instrumental in sat-
sfying travel demand in the subsequent decades, even in the case
hat advanced vehicles start to penetrate the market shortly after
010 (see Fig. 6). In the time window 2010–2030, pre-2010 vehi-
les are relatively old and, on average, travel less than a typical fleet
omposed of both old and new vehicles. For simplicity, pre-2010
ars are assumed, on average, to travel 10,000 miles per year at
7 mpg.

.6. Transportation fuel demand

Fuel demand of vehicles is calculated as Eq. (8):

C(T) =
t∑

i=0

NS(2010 + i) × SR[T − (2010 + i)] × VMT[T − (2010 + i)]
MPG(2010 + i)

(8)

here T is any calendar year within 2010–2030; t is vehicle vintage,
= T − 2010; i is an integer for calculation purposes only; FC stands

or fuel consumption in gallons of gasoline equivalent (gge) in year
; NS stands for the number of new sales of vehicles, e.g., FCVs; SR
tands for vehicle survival rate; VMT refers to annual vehicle miles
raveled; and MPG represents vehicle fuel economy in miles per
allon of gasoline equivalent (mpgge).

Fig. 4. California retail gasoline and transpo
of passenger car fuel economy.

On a lower heating value (LHV) energy basis, 1 kg of hydrogen = 1
gallon of gasoline = 34 kWh of electricity. The HEV-based estimates
indicate that about 70% of energy used by the PHEV-30 is from
gasoline, and 30% from grid electricity. These relationships make it
possible to estimate alternative fuel demand.

Note that the portion of gasoline still consumed in plug-in or
regular hybrids should be taken into account to estimate the even-
tual gasoline savings. Generally, gasoline displaced by alternative
fueled vehicles is estimated as Eq. (9):

GD(T) =
t∑

i=0

NS(2010 + i) × SR[T − (2010 + i)] × VMT[T − (2010 + i)]
MPG0(2010 + i)

(9)

where GD stands for gasoline displacement in gallons in year T;
and MPG0 represents fuel economy, in miles per gallon (mpg), of
the reference vehicle, i.e., ICEV.

2.7. Gasoline and electricity price forecasts

Retail gasoline prices over the period 2010–2030 are based on
the California Energy Commission (CEC) high price forecast, which
uses the Annual Energy Outlook (AEO) 2009 Reference Case crude
oil prices [18]. Plug-in hybrids rely heavily on grid-connected elec-

tricity; typically, 50% of VMT associated with PHEV-30 is driven by
electricity. CEC also projected the grid electricity price for vehicle
use in California and its high price forecast is used in this study.
Fig. 4 shows price forecasts for California retail gasoline and trans-
portation electricity.

rtation electricity price forecasts [18].
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Table 1
Hydrogen supply options and levelized costs of hydrogen delivered to the users.

Electrolysis Delivered price ($ kgH2
−1) Size (TPD) Efficiency Efficacy (kWh kgH2

−1) Elec price ($ kWh−1) Elec cost ($ kgH2
−1) Elec cost share

Current tech 8.50 1.5 74% 45 0.10 4.50 53%
Future tech 6.72 1.5 74% 45 0.10 4.50 67%

Onsite SMR Delivered price ($ kgH2
−1) Size (TPD) Efficiency Efficacy (mmBTU kgH2

−1) NG price ($ mmBTU−1) NG cost ($ kgH2
−1) NG cost share

Current tech 3.86 1.5 72% 0.158 8.00 1.26 33%
Future tech 3.08 1.5 72% 0.158 8.00 1.26 41%
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Central SMR Delivered price ($ kgH2
−1) Size (TPD) Efficiency Effica

Current tech 3.41 379 74% 0.154
Future tech 2.96 379 74% 0.154

.8. Hydrogen supply and costs

Over the next two decades, hydrogen made from natural gas
ia steam methane reforming (SMR) is expected to play a major
ole in the hydrogen economy transition. The rationale is that SMR
echnology is commercially mature and is one of the least-cost sup-
ly options [19,20]. However, onsite SMR and electrolysis could
hase in first and meet hydrogen fuel demand at small scales, and
hen central production appears after the fuel market builds up
19,21]. This study includes three hydrogen supply options: onsite
lectrolysis, onsite SMR, and central SMR with pipeline delivery.

Table 1 presents hydrogen supply costs for the three options, on
oth a current and future technology basis. These data are derived
rom a recent hydrogen transition study where industrial prices of
lectricity and natural gas (NG) are used for hydrogen generation
nalysis [7], accounting for inflation and difference in feedstock
osts. A typical central SMR is at a production volume of 379 tonnes
er day (TPD), and both onsite SMR and distributed electrolysis at
.5 TPD [9,19]. This study assumes future technology applies to year
020 and beyond.

. EDRAM model

To estimate macroeconomic impacts of advanced vehicle pene-
rations, we employ the Environmental Dynamic Revenue Analysis

odel (EDRAM), a computable general equilibrium (CGE) model.
DRAM captures the fundamental economic relationships between

roducers, consumers, and government in California [6,22]. At equi-

ibrium, the quantity supplied (which is a function of price) is equal
o the quantity demanded (which is also a function of price) in
he market. Using nonlinear optimization, EDRAM solves for the
quilibrium price that clears the market.

Fig. 5. Projected vehicle sales i
BTU kgH2
−1) NG price ($ mmBTU−1) NG cost ($ kgH2

−1) NG cost share

8.00 1.23 36%
8.00 1.23 41%

For simplicity, California producers are aggregated into over 100
industrial sectors, and each sector is modeled as a competitive firm
[6,22]. For example, the output of all of California’s agricultural
firms is modeled as coming from a single entity—the agriculture
sector. Note that CGE models are not forecasting models. In con-
trast, EDRAM is an economic optimization model, although it is
calibrated to exactly reproduce the economic conditions of the base
year 2003 [6].

4. Results and discussion

4.1. Sales mix and vehicle stock

This study developed a portfolio scenario to simulate the likely
vehicle market penetrations and, to the greatest extent possible,
to reflect ZEV policies in California. Fig. 5 shows projected new car
sales in California, representing the vehicle portfolio scenario.

Fig. 5 indicates that 4500 FCVs account for 0.5% of new sales
in 2015, and 25,000 FCVs account for 2.5% in 2020. Followed by
eight years take-off over 2020–2027, hydrogen cars will eventually
account for 20% of new sales and reach 222,000 in 2030. Similarly,
BEVs account for 0.3% of new sales at an annual production volume
of 2500 BEVs in 2015, 2% of new sales and 20,000 BEVs in 2020,
and eventually 13% of new sales and 144,000 in 2030. In contrast,
PHEVs are expected to account for 1% of new sales and reach 9000
PHEVs in 2015, 5.5% and 54,000 vehicles in 2020, and eventually
25% of new sales and 277,000 in 2030.
Fig. 6 shows the estimated vehicle stock in the portfolio sce-
nario. Although ICEVs are expected to only account for 25% of sales
in 2030 and, as a result, alternative vehicles take the major sales
share, alternative vehicles will still play a minor role in the on-
road vehicle stock. Due to slow fleet turnover, pre-2010 vehicles,

n the portfolio scenario.
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Fig. 6. Estimated vehicle

ostly conventional ICEVs, are expected to continue to account for
substantial fraction of the on-road fleet, especially in the early

010s. Conventional vehicles – newly introduced ICEVs and pre-
010 vehicles – are expected to play a major role over the time
eriod studied, and collectively account for about 65% of the vehi-
le stock in 2030 (with pre-2010 vehicles still accounting for 6.8%
n 2030). Put another way, advanced vehicles and regular hybrids
an only slightly outweigh one third of the on-road stock at the end
f the study period.

In the portfolio scenario, ICEVs will hit the maximum sales at
36,000 cars in 2015. However, the on-road ICEV stock will reach
he maximum of 11 million cars in 2027. On one hand, new sales
f advanced vehicles are in very small quantity before 2015. On
he other hand, an average vehicle life of 16.8 years limits fleet

odernization.
Of all non-ICEVs, regular hybrids are expected to remain the

argest vehicle stock each year and reach 11% of the on-road
eet in 2030. This is mainly because HEVs have been sold for a
ecade and recently reached a sales share of 5%. It also bene-
ts from the assumption that regular hybrids will account for an

ncreasingly important share of the new sales, growing linearly to
7% in 2030.
.2. Fuel consumption and gasoline displacement

Fig. 7 presents annual fuel demand of passenger cars on the
oad in California. Total fuel consumption is expected to peak at

Fig. 7. Annual fuel demand of on-road passen
in the portfolio scenario.

5.61 billion gge in 2017 and thereafter substantially drop with year.
That is because more efficient advanced vehicles phase in and
take off in 2018, the next year following the peak. As expected,
alternative fuels will play an increasingly important role. FCVs,
BEVs, and PHEVs collectively account for about 15% of energy
consumption in 2030, whereas they account for 23% of vehicle
stock.

The remaining pre-2010 fleet, the carryover of vehicle stock
from previous years to 2010–2030, is a major energy consumer,
especially in the early years, because of its huge population and
less efficient operation. This “legacy fleet” even still accounts for
about 11% of energy consumption in 2030, the end year of analy-
sis. Over the next two decades, gasoline is the major transportation
fuel and conventional gasoline vehicles are dominant in the on-road
fleet.

Fig. 8 shows that advanced vehicles, especially alternative fueled
vehicles, are a good path leading to gasoline savings. FCVs run-
ning on hydrogen contribute the most to gasoline displacement.
Although HEVs are more efficient than conventional ICEVs, these
regular hybrids are not expected to save much gasoline, despite
that their population outweighs any other advanced vehicles in the
portfolio scenario.
Fig. 9 shows California hydrogen demand and the trajectory
of market penetrations of the three hydrogen supplies on a daily
basis. Onsite SMR and distributed electrolysis will take the lead to
penetrate the market in an equally important manner, because of
their small scale and no delivery requirement. As hydrogen demand

ger cars in California during 2010–2030.
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Fig. 8. Gasoline displaced or saved by non-ICEVs for the vehicle portfolio scenario.
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4.3. Learned-out price and learning curve
Fig. 9. Daily hydrogen dem

uilds up, central SMR as a less expensive supply option will enter

nd dominate the supply market; meanwhile, the other two alter-
atives will phase out as a result of relatively high costs of hydrogen
upply.

Fig. 10. Estimated learning curve for the ave
d supply market build-up.
Advanced vehicles in mass production are expected to reach the
learned-out price level. In general, it is at production volumes of

rage retail price of advanced vehicles.
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Table 2
Learned-out price of advanced technology vehicles.

Vehicle
technology

Incremental OEM
cost (in 2005 $)a

Incremental price
(in 2008 $)b

Retail vehicle price
(in 2008 $)c

FCV 3600 5592 24,600
BEV 10,200 15,845 34,800
PHEV-30 4300 6680 25,700
HEV 1900 2952 22,000
Reference ICEV 0 0 19,000

a Incremental OEM costs are taken from an MIT study [17].
b The retail price is assumed to be 1.4 times the OEM cost to account for the other

costs (e.g., marketing) and profits [7,8]. Note that the 2008 consumer price index
(

$

a
p

p
k
e
d
a
$

c
e
f

As the FCV fleet grows, demand for hydrogen fuel increases, too.
CPI) is 1.110 times the 2005 CPI in California.
c For benchmarking, a reference ICEV is included, assuming its retail price is

19,000 for a base model.

bout half a million per year. Table 2 presents the final learned-out
rice of advanced vehicles.

Fig. 10 shows estimated learning curves for the average retail
rice of advanced vehicles, within the context of the entire US mar-
et. This study assumes HEVs have already learned out, as they
ntered the US market a decade ago and are today in mass pro-
uction. Therefore, the price difference between regular hybrids
nd conventional cars remain constant over future years at about
3000 car−1.
Note that these learning curves correspond to the specific vehi-
le market penetrations in the portfolio scenario. Retail prices are
xpected to drop dramatically with production volume and time
or the three advanced technologies. Plug-in hybrids, fuel cell vehi-

Fig. 11. Annual cash flow of f

Fig. 12. Annual cash flow of fu
rces 196 (2011) 530–540 537

cles, and battery vehicles will meet the learned-out prices in 2025,
2026, and 2029, respectively.

The cost for PHEVs is relative low in the beginning penetration
years, as they build on regular hybrid technologies; as a result, plug-
in hybrids are expected to meet the learned-out level a little earlier
(2025), compared to fuel cells and batteries. Despite the synergy
of battery technology with PHEVs, BEVs require a battery of much
improved performance, such as large capacity and long durability.
Therefore, BEVs could be the most expensive of the three and are
anticipated to reach the learned-out level in 2029. In contrast, fuel
cell vehicles are costly in the beginning years, but after the 2020
market take-off they make rapid progress and in 2026 meet the
learned-out price which is a little less expensive than PHEV-30.

4.4. Vehicle and fuel expenditures

Incremental expenditure on advanced vehicles and fuels, rel-
ative to the same number of conventional ICEVs, addresses the
additional resource requirement of transitioning to electric drive
vehicles. Figs. 11–13 show the annual cash flow in the time frame
2010–2030 for the vehicle portfolio scenario. Of the three advanced
vehicles, only the penetration scheme of hydrogen cars could gen-
erate a zero or even negative net cash flow on an annual basis.
However, the resulting expenditure on hydrogen is dwarfed by the
great gasoline savings due to hydrogen use (Fig. 11). The aggregated
incremental vehicle costs, on top of the equivalent conventional
ICEVs, begin to drop a few years in advance of the learned-out

uels and vehicles: FCVs.

els and vehicles: BEVs.
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Table 3
Overall impacts of electric drive vehicles on the economy of California in 2030.

Macroeconomic indicator BAU scenario Portfolio scenario Diff % Diff
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Table 4
Range of input variables for sensitivity analysis, in 2008 dollars.

Sensitivity variable Base value High value Low value

Gasoline price ($ gallon−1) 4.777 6.210 3.344
Industrial NG price
($ mmBTU−1): H2 making

8.00 10.40 5.60

Industrial electricity price
($ kWh−1): H2 making

0.10 0.13 0.07
State output ($billion) 4932 4928 −3.3 −0.07%
Gross state product ($billion) 3468 3464 −4.5 −0.13%
State personal income ($billion) 2808 2802 −5.9 −0.21%
Employment (thousand) 19,250 19,245 −4.2 −0.02%

ear 2026, as the drop in vehicle cost more than offsets the growth
f the fleet. Because the OEM cost of FCV remains constant in the
earned-out year and beyond, the aggregated vehicle costs will go
p thereafter. Incremental costs for FCVs and hydrogen will break
ven with gasoline savings in 2028, which results in a net annual
ash flow of zero.

Similarly, the BEV phase-in causes increased vehicle/electricity
xpenditure, which however cannot be offset in the time window
010–2030 by gasoline savings due to electricity use as the fuel
Fig. 12). Although plug-in hybrids are expected to result in obvi-
us energy savings, especially when running as a “pure” electric
ehicle in charge depleting mode, the incremental costs for vehi-
les/electricity outweigh gasoline savings throughout the period
tudied (Fig. 13). Different from the BEV scenario, the net cash flow
or PHEVs, more or less, tends to be flat and even shows a decreasing
rend toward 2030.

.5. Statewide macroeconomic impacts

Technically, macroeconomic effects on California could be esti-
ated, by using EDRAM, for any year during 2010–2030, given

nnual transaction flows shown in Figs. 11–13. However, the rollout
f advanced vehicles takes time and they can only play a major role
n decades. Thus, a statewide macroeconomic analysis is conducted
or 2030 as an example to show the role of advanced vehicles in the
conomy of California.

Table 3 presents, for 2030, the overall impacts on California of
he portfolio scenario of advanced vehicles, relative to the business-
s-usual (BAU) scenario. The BAU scenario assumes no or few
dvanced vehicles; it is composed of only regular hybrids, account-
ng for 17% of new car sales in 2030, and conventional ICEVs,
ccounting for the remaining 83% of new sales. All four major
acroeconomic indicators are taken into consideration: state out-

ut, gross state product (GSP), state personal income (SPI), and

mployment. These indicators are in real 2008 dollars or in physical
nits.

In conclusion, the portfolio scenario is estimated to have a
lightly negative influence on California’s economy, which is mainly
ecause advanced vehicles are very costly and, therefore, the result-

Fig. 13. Annual cash flow of fu
Transportation electricity price
($ kWh−1): PHEV use

0.168 0.218 0.118

Ratio of variable to base value 1.00 1.30 0.70

ing gasoline savings cannot offset the high incremental expenditure
on vehicles and alternative fuels, especially for BEVs and PHEVs
(see Figs. 12 and 13). For example, the portfolio scenario would
cause 4200 job losses, relative to the BAU scenario. However,
the economy of California is expected to grow substantially from
today’s level; e.g., GSP is estimated to be around $3.5 trillion by
2030. Thus, the negative percentage impacts are expected to be
very small, compared to such a big economy, and generally below
−0.2%.

4.6. Sensitivity analysis

To test sensitivity of changes in each macroeconomic indicator
to fuel prices, a 30% increase or drop from the base value is exam-
ined. Table 4 shows sensitivity variables and their three levels of
value: base, high, and low.

Since all macroeconomic indicators show consistent, slightly
negative effects of the portfolio scenario (Table 3), we only present
sensitivity results of two indicators: changes in GSP and changes
in employment, with respect to fuel prices (Figs. 14 and 15). Both
indicators are the most sensitive to gasoline prices: an increase
in gasoline price would clearly result in less losses of GSP and jobs
associated with the vehicle portfolio scenario. The reasoning is that
gasoline cars are still prevailing on the road in 2030 (Fig. 6), and the
majority of car fuel is still gasoline (Fig. 7). Sensitivity results indi-
cate that a high gasoline price could drive the transition to advanced
vehicles and alternative fuels, from an economic perspective. Note
that the portfolio scenario, however, still has a negative effect on
the economy in the examined range of input variables.

As opposed to gasoline price, an increase in the price of elec-
tricity directly for PHEV use could result in more losses in GSP and

jobs, although it is not as sensitive as gasoline price (Figs. 14 and 15).
Technically, industrial NG and electricity prices have slightly nega-
tive impacts on the economy of California. However, because of the
small hydrogen demand, macroeconomic indicators appear to be

els and vehicles: PHEVs.
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Fig. 14. Sensitivity of changes in GSP to fuel prices.
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Fig. 15. Sensitivity of changes in employment to fuel prices.

nsensitive to prices of industrial NG and industrial electricity for
ydrogen-making purposes.

In summary, an increase in gasoline price or a drop in alternative
uel prices could offset a portion of the negative impact that the
dvanced vehicle portfolio is estimated to have. The small market
ize of alternative fuels explains that, within the next two decades,
he statewide economy of California is not as sensitive to alternative
uel prices as to gasoline price.

. Conclusions

Advanced vehicles and alternative fuels could play an important
ole in reducing oil use and changing the economy structure. Using
he learning curve approach, we developed the Costs for Advanced
ehicles and Energy (CAVE) model to investigate a vehicle portfolio
cenario in California during 2010–2030 which highlights hydro-
en fuel cell vehicles, battery electric vehicles, and plug-in hybrid
lectric vehicles. Conventional cars and regular hybrids are also
ncluded as a point of comparison. Then we employed the Envi-
onmental Dynamic Revenue Analysis Model (EDRAM) to estimate
acroeconomic impacts of the advanced vehicle scenario on the

conomy of California.

Results indicate that, due to slow fleet turnover, conventional

ehicles are expected to continue to be dominant in the on-road
eet and gasoline is the major fuel over the next two decades, even

n the case that alternative vehicles account for the major share
f sales in 2030. Total energy consumption is estimated to peak

[
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soon because more efficient advanced vehicles phase in and take
off. Alternative fuels are expected to play an increasingly impor-
tant role, and FCVs running on hydrogen contribute the most to
gasoline displacement. Although regular hybrids are more efficient
than conventional cars, they are not expected to save much gaso-
line.

Incremental costs for FCVs and hydrogen could break even
with gasoline savings in 2028, which results in a net annual cash
flow of zero. Similarly, the BEV phase-in causes increased vehi-
cle/electricity expenditure, which however cannot be offset during
2010–2030 by gasoline savings due to electricity use as the fuel.
Although plug-in hybrids are expected to result in energy sav-
ings, especially when running as a “pure” electric vehicle in charge
depleting mode, the incremental costs for vehicles/electricity out-
weigh gasoline savings throughout the period studied.

The vehicle portfolio scenario is estimated to have a slightly neg-
ative influence on California’s economy, which is because advanced
vehicles are very costly and, therefore, the resulting gasoline sav-
ings generally cannot offset the overall incremental expenditure
on vehicles and alternative fuels. However, an increase in gasoline
price or a drop in alternative fuel prices could offset a portion of the
negative impact. The small market size of alternative fuels explains
that, within the next two decades, the statewide economy of Cal-
ifornia is not as sensitive to alternative fuel prices as to gasoline
price.
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