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Abstract

The transportation sector accounts for 2/3 of oil consumption in the US, and remains one of the largest sources of urban air pollution and a fast growing source of greenhouse gas emissions. Energy security, environmental protection and skyrocketing oil prices have drawn an increased interest in developing alternative fuel vehicles. Among the various fuel/propulsion options available, hydrogen fuel cell vehicle (FCV) stands out because it offers zero emissions from vehicle operation. However, emissions associated with upstream processes of the hydrogen fuel cycle, high fuel cell system costs and investments needed for hydrogen infrastructure in the early stages of a hydrogen transition are non-trivial issues for the commercialization of such advanced vehicles. From a social welfare perspective, the crucial index for evaluating the alternatives is the Societal Lifecycle Cost over the full fuel cycle and vehicle lifetime, including not only consumer or private lifecycle cost (i.e. initial vehicle cost, fuel cost, and operating & maintenance cost), but also external costs that are not priced in the current markets. We use the Advanced Vehicle Lifetime Cost and Energy-Use Model (AVCEM) developed by Dr. Mark Delucchi to study how the Societal Lifecycle Cost for hydrogen FCVs compares to that for reference gasoline vehicles during a transition to hydrogen. To model the transition, we use the USDOE scenarios for hydrogen and FCV market penetration from 2010 to 2025. We begin with current fuel cell performance and cost data, and employ a learning curve model to estimate how fuel cell system costs change with cumulative production.  During this transition period, we assume that hydrogen is produced from natural gas reforming, which allows us to estimate delivered fuel costs and emissions, and external costs. To examine the assumptions and uncertainties involved in the calculation, we further perform the sensitivity analysis regarding fuel cell system learning rate and greenhouse gas damage cost. Our preliminary results show that though consumer lifetime cost of hydrogen FCVs is higher than conventional gasoline internal combustion engine (ICE) vehicle, the externality cost of hydrogen FCVs is lower. In this paper, we present the comparisons of hydrogen FCVs and other alternatives including ethanol ICE, battery-powered electric and hybrid electric vehicles in terms of consumer lifetime cost and societal lifecycle cost, and raise some questions for further research. 
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1. Introduction
The extraordinary concentration of the world oil’s supply in a small group of oil producers (e.g., the Middle East) with considerable market power to influence the world oil prices and limited alternative fuels as well as increasing energy demand from developing countries have posed a significant problem for the politics and economy around the world. Especially in the U.S., the largest oil consumer in the world, the transportation sector with over 200 million vehicles running on the road contributes to around two-thirds of oil consumption [1]. U.S. oil imports have grown rapidly and are expected to reach 60 percent of consumption by 2010 [2] and the cumulative direct economic costs of oil dependence (wealth transfer, potential GDP loss, and macroeconomic adjustment) from 1970 to 2004 exceed $2.7 trillion constant 2000 dollars excluding the military expenditures on oil supplies protection [3]. Particularly, the current soaring oil prices will definitely have a ripple effect throughout the economy, resulting in more economic losses reflected by oil price elasticities of GDP.

Besides the economic impacts of oil dependence, conventional oil extraction, production, and end-use for transportation remain one of the largest sources of urban air pollution and a fast growing source of greenhouse gas (GHG) emissions that are two major environmental concerns involving human health effects, reduced visibility, crop losses, forest damage, water pollution and climate change damage. The theory of environmental economics illustrates that these externalities, not priced in the current markets, create the classic gap between private cost and social cost. Delucchi estimated the social costs associated with vehicle use including upstream emissions were in the range of $34-$508 billion in 1991 US dollars [4]. 

Energy insecurity, environmental protection and high oil prices have spurred an increased interest in developing alternative fuel/propulsion systems. Compressed Natural Gas, synthetic diesel, methanol, ethanol, liquid petroleum gas, liquefied natural gas, F-T liquids, hydrogen and electricity have been widely discussed for a switch from petroleum to a more sustainable fuel [5]. Various powertrain options include spark ignition (SI) engine, compression ignition (CI) engine, electric motors, hybrids and fuel cells. Unfortunately, no combination of fuel/propulsion could be the overall winner in terms of fuel efficiency, vehicle performance, cost and emissions due to fuel properties, propulsion attributes and technological barriers. Tradeoffs are required for energy and environmental policy and commercialization of advanced vehicles with attractive environmental benefits requests technology innovations to overcome multiple technical and practical hurdles.

For fuel choices to make our vehicles greener, to replace gasoline with a zero-carbon fuel would be the ultimate solution to energy demand and air pollution in the long run. Hydrogen, with near-zero emission from vehicle operation, has been extensively debated by regulators, environmentalists, policymakers and automakers for human sustainable development, away from petroleum depletion. There is a tendency to analyze a future hydrogen economy regarding efficiency, cost and environmental impacts associated with hydrogen infrastructure. Among a variety of fuel/engine combinations, hydrogen fuel cell vehicles (FCVs) seem to have the lowest externality costs though facing enormous barriers to achieve significant market penetration in the near-term. From the entire societal viewpoint, the crux to evaluate various options is the societal lifecycle cost (LCC) estimation of transportation for each type of vehicle including initial vehicle cost, operating & maintenance cost, fuel costs, externality costs of oil use, and damage costs for emissions of air pollutants and greenhouse gases over the full fuel cycle and entire vehicle lifetime [6]. 

In this paper, we use the Advanced Vehicle Lifetime Cost and Energy-Use Model (AVCEM) model developed by Dr. Mark Delucchi to study how the Societal Lifecycle Cost for hydrogen FCVs compares to that for reference gasoline vehicles during a transition to hydrogen. To estimate fuel cell system cost changes over time, a learning curve model is employed under the USDOE scenarios assumption for hydrogen and FCV market penetration from 2010 to 2025. Hydrogen is assumed to be produced by onsite natural gas reforming. Our results show that though consumer lifetime cost of hydrogen FCVs is higher than conventional gasoline internal combustion engine (ICE) vehicle, the externality cost of hydrogen FCVs is lower. Our estimation involves large uncertainties. To explore some range of possible future conditions, sensitivity analysis is further conducted for learning rate of fuel cell system cost, and GHG damage cost.
2. Societal Lifecycle Cost
We define societal lifecycle cost ($/vehicle) as the sum of present values of consumer lifetime cost and externalities cost over full fuel cycle and vehicle lifetime. Consumer lifetime cost includes vehicle cost, fuel cost and operation & ownership cost from the purchase to the scrap of a vehicle, and externalities cost takes into account damage costs of air pollution, oil use, noise and GHG emissions from fuel cycle and vehicle operation. The baseline conventional gasoline ICE vehicle is 1989 Ford Taurus but with cost adjustment to the current technology.

AVCEM is very useful for designing a variety of fuel/propulsion options to meet specified performance and range requirements and then the model can calculate the initial retail cost and total private and social lifetime cost that involve manufacturing cost, fuel cost, periodic ownership and operating costs during the whole vehicle lifetime and external costs over full fuel cycle. To model the economies scale effect on manufacturing cost of key parts such as electric drivetrain, battery, fuel cell, hydrogen fuel storage tank and so forth, a uniform cost vs. annual production volume function form is used in the model. However, this function cannot reflect the effect of learning-by-doing as cumulative production volume increases. On the basis of USDOE scenarios for hydrogen and FCV market penetration from 2010 to 2025, we employ a learning curve model to estimate fuel cell system cost reduction over time, estimate air pollution damage cost with GREET model and ExternE studies. 
2.1 Fuel Cell System Cost Estimate
Fuel cell system cost depends upon fuel cell stack performance, catalyst cost, stack materials, balance-of-plant design, manufacture process and economies of scale. Some literatures [7] [8] [9] have clearly shown that pressure, temperature, humidity and stoichiometry are important parameters that affect fuel cell power output and efficiency. In AVCEM, we specify seven fuel cell polarization curves with data points (voltage vs. current density) from recent studies under combinations of different cathode pressure and air stoichiometric ratio (shown in Figure 1). At each point, the net power output of the fuel cell system is calculated by deducting the parasitic power required for auxiliary balance-of-plant from the gross power. At each voltage value, the current density corresponding to the maximum net power is selected for gross power calculation. Balance of plant includes four subsystems: air management, water management, thermal management and fuel management in which air management system consumes more than 50% auxiliary power. To reduce compressor parasitic power requirements, an expander may be included to recover energy from the cathode exhaust. Although it tends to be that air management subsystem will use compressor only, we don’t have cost information available now.
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Figure 1 V-I curve of fuel cell
TIAX [10] worked with the U.S. DOE to model the cost of PEM fuel cell systems for transportation using near-term technology at high-production volumes and projected that an 80kw direct hydrogen fuel cell system cost would be $108/kW given key model parameters. The TIAX report specified the top three cost drivers for fuel cell stack and the system: power density, platinum cost, and platinum loading, and detailed each component cost analysis. Based on the cost information and U.S. DOE scenarios of fuel cell vehicles [11] shown in Figure 2, we estimate major fuel cell component costs using learning rates. Catalyst (platinum) cost is determined by catalyst loading and platinum price which has notably risen above US$1000/troy-ounce since 2006 due to the market supply-and-demand dynamics. We assume that platinum costs $900/troy-ounce in constant 2005 US dollars. In terms of platinum catalyst loadings on anode and cathode, the FreedomCAR Program [12] targeted at 0.2mg/cm2 for total loading amount. In a recent report by ARB [13], total platinum loading among the current Fuel Cell Electric Vehicles (FCEVs) in demonstration is between 0.8~0.9mg/cm2, however, fuel cell developers estimate the lowest value in 2015 and beyond would be 0.1~0.5mg/cm2 because of life and durability considerations. DTI [14] assumes that total catalyst loading would be 0.65mg/cm2 (0.3mg/cm2 on anode and 0.35 mg/cm2 on cathode) in 2006, 0.29mg/cm2 (0.09 mg/cm2 on anode and 0.2 mg/cm2 on cathode) in 2010, and 0.19mg/cm2 (0.04 mg/cm2 on anode and 0.15 mg/cm2 on cathode) in 2015. 
We assume the advances would be applied into manufacture five years later and use these values to model technological progress on catalyst loadings with the lower bounds for cost estimates. To explore the learning effect, each fuel cell component cost is estimated as a function of first unit cost, cumulative production volume and progress ratio (PR) (see equations 1-4). To prevent learning effect calculation from yielding too low cost, the lowest bound is set for each component cost estimate according to TIAX study in 2005. Figure 3 shows the fuel cell system cost change over time for 3 USDOE Scenarios and even in 2025 under scenario3 when cumulative production volume is about 10 million, the fuel cell system cost is above $50 per net power output that is still more expensive than current internal combustion engine. 

[image: image2.emf]0

200

400

600

800

1000

20112012 2013201420152016 201720182019 2020202120222023 20242025

Year

Annual Vehicle Sales (thousands) Scenario 1

Scenario 2

Scenario 3


Figure 2 US DOE scenarios
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Figure 3 Fuel cell system cost estimate over time
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2.2 Hydrogen on-board storage system cost
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Table 1 Hydrogen storage cost [16]
TIAX [15] collaborated with Argonne National Laboratories (ANL) to define a hydrogen storage system with capacity of 5.6kg and assess the system cost. Their results show that 5,000psi baseline system cost is US$1,948 ($10.4/kWh, 83kg) and 10,000psi hydrogen storage system cost US$2458 ($13.2/kWh, 89kg), and the dominant cost contributor is carbon fiber. Table 1 [16] presents the comparison of the current Quantum H2 storage cost & performance and DOE storage targets, and Quantum indicates that carbon fiber contributes about 65% of system cost. According to these literatures, currently 10,000psi on-board hydrogen storage system costs $300-$600 per kg of hydrogen. We update the hydrogen storage system cost in AVCEM by adjusting regression parameters to make it roughly consistent with these literatures. Hydrogen storage tank cost in dollars per cubic feet of inner capacity of storage tank per 1000 psi of storage pressure is expressed as the following equation:
H2 tank cost =
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 is the storage pressure in psi.
2.3 Hydrogen Fuel Cost
Fuel cost is one of the major concerns for vehicle purchase. According to AVCEM simulation result under the adjusted Federal Urban Drive Schedule (FUDS), the fuel economy of FCVs would achieve 77.5 miles per gasoline-equivalent gallon (mpgge), while gasoline vehicle only 19.8 mpg. Although FCVs have higher fuel economy than gasoline vehicle, hydrogen refueling station has not been put into large-scale commercial operation yet and fuel cost is higher on the early stage. 
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Figure 4 Hydrogen cost comparison between AVCEM and H2A
AVCEM [17] estimates the retail fuel cost of hydrogen produced from onsite natural gas reforming according to earlier cost data in the late 1990s and the production cost is much higher than that of H2A model assuming the same actual hydrogen output 1050kg/day, same production efficiency 69%, and same feedstock cost ($6.34/MMBtu in 2005 for industrial natural gas according to Energy Information Administration). Figure 4 shows the detailed comparison of levelized cost items including production capital, production operation & maintenance, compressor & storage capital and operation & maintenance, refueling equipment, land use, labor, insurance and other fees. AVCEM assumes larger compressor and smaller storage compared to H2A model. We perform simple linear regression for production capital and operation & maintenance cost versus station size (daily hydrogen output) based on the results from H2A model for year 2005 and year 2015 to update the estimate in AVCEM. Figure 5 presents the hydrogen fuel cost changes over time under scenario3 that hydrogen fuel cost is above $3 per kg.
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Figure 5 Hydrogen fuel cost under scenario3
2.4 External Costs
Fuel cycle, often referred to as upstream activities, includes energy feedstock production, transportation, and storage, fuel production, transportation, storage, and distribution. Vehicle cycle includes production and use of vehicle. Both cycles involve energy use and emissions of air pollutants and GHGs. Conventional oil extraction, production, and end-use for transportation remain one of the largest sources of urban air pollution and a fast growing source of GHGs emissions that are two major environmental concerns involving human health effects, reduced visibility, crop losses, forest damage, water pollution and climate change damage. The theory of environmental economics implies that these externalities, not priced in the current markets, create the classic gap between private cost and social cost. Delucchi in 1998 [18] estimated the social costs associated with vehicle use including upstream emissions were in the range of $34-$508 billion in 1991 US dollars.
Researchers [19] at Stanford University used global-through-urban nested gas, aerosol, transport, radiati)on, general circulation, meso-scale, and ocean computer model (GATOR-GCMOM) and National Emission Inventory (NEI) for examining the potential change in primary emissions from establishing a hydrogen economy that replaces the current U.S. fossil-fuel vehicle fleet with hydrogen FCVs. The study compared five scenarios including one base case (1999 gasoline and diesel ICEV fleet), gasoline hybrids, and three different hydrogen FCV cases with hydrogen from SMR (Stream Methane Reforming), wind-electrolysis and coal gasification, and found that all hydrogen FCV scenarios decrease net air pollution emission and may significantly reduce GHGs even with high percentage leakage assumptions for hydrogen supply chains and no carbon sequestration for SMR pathway. Furthermore, they concluded that among the scenarios, the greatest potential health benefits are provided by wind and natural gas hydrogen FCVs that could save 3700 to 6400 U.S. lives annually.

AVCEM model takes into account four types of external costs associated with air pollution, noise, oil use (Strategic Petroleum Reserve, macroeconomic cost from oil price shock, wealth transfer from U.S consumers to foreign oil producers, and cost of water pollution by oil use), and GHGs emissions. Among these external costs, air pollution damage cost dominates over others because the classical air pollutants do impose significant public health cost evidenced by the ExternE studies [20] that calculated the impacts with a linear dose-response function and estimated the economic valuation of these impacts. We scale the ExternE air pollution damage cost estimates in Europe to US conditions by average population densities and trip average population densities. 


Table 2 Air pollution damage cost
	Upstream (Feedstock & Fuel)
	Europe ($/tonne)
	US ($/tonne)

	VOC Urban
	6,750 
	3,720 

	VOC Rural
	1,688 
	2,361 

	NOx Urban
	120,000 
	66,125 

	NOx Rural
	30,000 
	41,970 

	CO Urban
	38 
	14 

	CO Rural
	4 
	7 

	SOx Urban
	85,875 
	45,288 

	SOx Rural
	19,781 
	28,069 

	PM10 Urban
	288,750 
	106,944 

	PM10 Rural
	28,875 
	50,531 

	Downstream (Vehicle-Related)
	　
	　

	VOC Urban
	1,163 
	2,034 

	VOC Rural
	1,163 
	2,034 

	NOx Urban
	22,875 
	40,031 

	NOx Rural
	26,625 
	46,594 

	CO Urban
	25 
	9 

	CO Rural
	3 
	3 

	SOx Urban
	48,750 
	37,025 

	SOx Rural
	16,250 
	26,563 

	PM10 Urban
	2,500,000 
	925,926 

	PM10 Rural
	187,500 
	187,500 


The Demographia data show that urban average population density in Europe is 2.7 times as large as that in US. According to Ogden’s report [21], regional average population density is assumed to be 140 people per square kilometers in US, and 80 in Europe and rural trip average population density is assumed to be the same. Upstream and downstream pollutants are treated differently. For upstream pollutants, damage costs are estimated by adjusting stationary source damage cost in Europe with urban average population density for urban areas and regional average population density for rural areas, and damage cost for secondary pollutants is scaled as the 0.6 power of the population density [21]. For downstream (vehicle operation) primary pollutants, damage cost is estimated by adjusting vehicle damage cost in Europe with urban trip average population density (assumed to be the same as urban average population density) for urban areas and rural trip average population for rural areas, while for downstream secondary pollutants, damage cost is estimated by adjusting vehicle damage cost in Europe with regional average population density. Table 2 shows the scaled damage cost for each pollutant.
Table 3 Air pollutants (g/mile)

	Upstream (Feedstock & Fuel)
	Gasoline
	E90
	BPEV
	HEV
	FCV

	VOC Urban
	0.072 
	0.057 
	0.001 
	0.045 
	0.003 

	VOC Rural
	0.053 
	0.104 
	0.024 
	0.033 
	0 

	NOx Urban
	0.051 
	0.03 
	0.055 
	0.034 
	0.036 

	NOx Rural
	0.154 
	0.497 
	0.256 
	0.111 
	0.087 

	CO Urban
	0.015 
	0.009 
	0.015 
	0.012 
	0.021 

	CO Rural
	0.048 
	0.173 
	0.062 
	0.032 
	0.038 

	SOx Urban
	0.038 
	0.027 
	0.124 
	0.023 
	0.017 

	SOx Rural
	0.081 
	0.247 
	0.574 
	0.05 
	0.106 

	PM10 Urban
	0.004 
	0.003 
	0.003 
	0.006 
	0.017 

	PM10 Rural
	0.042 
	0.206 
	0.38 
	0.028 
	0.058 

	Downstream (Vehicle-Related)
	　
	　
	　
	　
	　

	VOC Urban
	0.112 
	0.107 
	0 
	0.077 
	0 

	VOC Rural
	0.068 
	0.064 
	0 
	0.047 
	0 

	NOx Urban
	0.088 
	0.088 
	0 
	0.074 
	0 

	NOx Rural
	0.053 
	0.053 
	0 
	0.044 
	0 

	CO Urban
	2.329 
	2.329 
	0 
	2.329 
	0 

	CO Rural
	1.416 
	1.416 
	0 
	1.416 
	0 

	SOx Urban
	0.004 
	0.001 
	0 
	0.002 
	0 

	SOx Rural
	0.002 
	0 
	0 
	0.002 
	0 

	PM10 Urban
	0.018 
	0.018 
	0.013 
	0.018 
	0.013 

	PM10 Rural
	0.025 
	0.011 
	0.008 
	0.011 
	0.008 


Air pollutants in grams per mile in urban and rural areas are from the GREET model version 1.7 [22] assuming the year 2010 technology and 100% onsite natural gas reforming production for hydrogen with natural gas transmission by pipeline, spark ignition engine for the baseline gasoline vehicle technology, default electricity generation, and grid independent hybrid electric vehicle. Table 3 shows the emission output for gasoline vehicle, E90 vehicle (90% ethanol and 10% gasoline), battery electric vehicle, hybrid electric vehicle, and hydrogen FCV.
3. Results

Figure 6 presents the comparison of external costs with medium valuation for these five types of vehicles. Discount rate is set as 4% for present values calculation. Damage costs of noise and oil use are directly from AVCEM results that were estimated on the basis of Delucchi’s previous reports. GHGs emissions data used in AVCEM were from the LEM (Lifecycle Emissions Model), and damage cost in dollars per tonne Carbon ($/tC) is assumed to be $5/tC for lower, $16/tC for medium, and $50/tC for high valuations based on Tol’s result [23] from an assessment of 28 published studies on marginal cost of CO2 emissions. 
Clearly, H2 FCV has the lowest external cost, and battery-powered electric vehicle has the highest external cost over full fuel cycle and vehicle lifetime though battery electric vehicle is appealing due to nearly zero emissions from vehicle operation. More emissions are associated with the upstream electricity generation activities and resulting damage costs are nontrivial. It is obvious that conventional gasoline vehicle has the largest external costs related to oil use and GHGs emissions, and FCVs achieve the lowest external cost for each item of externalities.
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Figure 6 External costs comparison
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Figure 7 Consumer lifetime cost comparison
For consumer lifetime cost comparison shown in Figure 7 assuming 0.80 of progress ratio for key fuel cell stack components, hybrid electric vehicle is the most expensive because of higher vehicle cost (costly lithium-ion battery) and higher maintenance & repair cost that includes electricity for regenerative braking, insurance, registration, taxes and other fees. When mass produced with 500,000 of annual production volume, hydrogen FCV is not as costly as battery electric vehicle from the perspective of consumer lifetime cost. The main barriers for commercialization of FCVs are lack of hydrogen fuel infrastructure, costly fuel cell system, and on-board storage tank. 

In terms of societal lifecycle cost shown in Figure 8, hydrogen FCV is the most cheapest one if mass production even with medium valuation of external costs. Gasoline fuel cost is assumed to be the average U.S. delivered gasoline price excluding tax from 2010 to 2030 under the reference case projected by Energy Information Administration that is much lower than the current situation. Higher gasoline price would make FCVs more attractive.
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Figure 8 Societal lifecycle cost comparison
The calculation involves many assumptions and uncertainties. To explore the effects of learning rate of fuel cell system and externalities valuation on the estimate of societal lifecycle cost, sensitivity analysis is further performed for scenario3 shown in Figure 9 and Figure 10. Higher learning rate (LR) and higher externalities valuation would make hydrogen FCVs competitive with gasoline vehicle earlier. Even under lower externalities valuation, hydrogen FCVs could be competitive before 2020. Energy policy could facilitate the process by encouraging R&D of fuel cell and imposing environmental tax on polluters or offering credit or tax benefit to clean vehicles.
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Figure 9 Societal lifecycle cost sensitivity analysis of learning rate
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Figure 10 Societal lifecycle cost sensitivity analysis of externalities

4. Conclusion

The societal lifecycle cost including consumer lifetime cost and external cost is chosen in this study as an important measure to compare advanced alternative fuel/propulsion options with conventional gasoline vehicle on the basis of AVCEM model. A learning curve model is employed for estimating fuel cell system cost changes with cumulative production volume. The damage costs ($/tonne) of air pollution from both upstream and downstream sources are calculated by scaling the ExternE air pollution damage cost estimates with population densities. Our results show that most advanced alternatives would have higher consumer lifetime cost. However, if external costs are internalized, hydrogen FCVs under mass production have lower societal lifecycle cost than other options and conventional gasoline vehicle. Higher valuation of external costs would favor hydrogen FCVs development.
The conclusions drawn from this study are based on several assumptions. Conventional gasoline vehicle and battery technology are actually getting improved over time. Emissions of air pollutants are getting less and less as control technology advances. Hydrogen production would have a variety of pathways such as wind electrolysis, gasoline reforming and methanol reforming with or without CO2 sequestration. Regional climate, resources available and regulations vary across the country. Our future research will focus on regional analysis considering local emissions, fuel cost, and changing vehicle fleet mix.
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� Here, high, low and medium refer to high, low and medium externalities valuations.
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						Government Support - Program Scenarios (in thousands of vehicles)
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				Year		2000		2001		2002		2003		2004		2005		2006		2007		2008		2009		2010		2011		2012		2013		2014		2015		2016		2017		2018		2019		2020		2021		2022		2023		2024		2025		Total (M)										2012		2013		2014		2015		2016		2017		2018		2019		2020		2021		2022		2023		2024		2025		Total (M)

				Scenario 1																										0		0		0		5		8		12		50		100		150		200		250		300		400		500		2.0								Scenario 1		0		0		0		5		8		12		50		100		150		200		250		300		400		500		2.0

				HEV +15 years																										0		0		0		9		20		35		48		88		206		281		316		350		458		565		2.4								HEV +15 years		0		0		0		9		20		35		48		88		206		281		316		350		458		565		2.4

				Scenario 2																										5		5		5		50		100		150		200		300		400		500		600		700		900		1000		4.9								ZEV mandate +3 years		0.6		0.8		1.1		5		8		12		15		17		18												0

				Scenario 3																										5		5		5		50		100		150		300		500		750		1000		1200		1500		2000		2500		10.1

				HEV sales (actual)*		9		20		35		48		88		206		281																																								0.7								Scenario 2		5		5		5		50		100		150		200		300		400		500		600		700		900		1000		4.9

				HEV sales (projected)**																316		350		458		565		673		780		887																										4.0								Scenario 3		5		5		5		50		100		150		300		500		750		1000		1200		1500		2000		2500		10.1

				HEVs +12 years																										9		20		35		48		88		206		281		316		350		458		565		673		780		887		4.7								HEVs +12 years		9		20		35		48		88		206		281		316		350		458		565		673		780		887		4.7

				ZEV mandate																										5		8		12		15		17		18		18		18		18		18		18		18		18		18		0.2								ZEV mandate		5		8		12		15		17		18																		0.2

				ZEV mandate +3 years																										0.6		0.8		1.1		5		8		12		15		17		18		18		18		18		18		18		0.2

		References:

				*Data through 2006 From hybridcars.com May 16, 2006

				**Data beyond 2006 from JD Power and associates HEV Outlook (see ref. below)

				5/28/2003:

				Hybrid electric vehicle sales are expected to exceed 500,000 units annually by 2008 and 872,000 units by 2013, according to the J.D. Power and Associates 2003 Hybrid Vehicle OutlookSM released today.

				http://www.jdpower.com/news/releases/pressrelease.asp?ID=2003032

				10/30/2003:

				"...With these two factors combined, J.D. Power and Associates expects U.S. consumers to purchase approximately 350,000 hybrid vehicles annually by 2008, down from previous expectations of 500,000."

				http://www.jdpa.com/news/releases/pressrelease.asp?ID=2003135

				1/4/06: JD Power HEV Outlook: "Hybrid vehicle sales are expected to grow from approximately 212,000 vehicles in 2005 to 780,000 by 2012.

				Despite the large increase in sales volume, vehicle models utilizing a hybrid-electric powertrain still will remain a

				small portion of the market, growing from 1.3 percent of U.S. light-vehicle sales in 2005 to 4.2 percent market

				share by 2012."																																																		Figures for use in powerpoint

				http://www.jdpower.com/news/releases/pressrelease.asp?ID=2006001

																																																										*Data through 2006 From hybridcars.com May 16, 2006

																																																										**Data beyond 2006 from JD Power and associates HEV Outlook (see ref. below)
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